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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) are aromatic hydrocarbons with two or 
more fused carbon rings in linear, angular, or cluster structure, and some have 
substituted groups attached to the rings. PAHs have high persistence due to the dense 
clouds of 7i-electrons on both sides of ring structure, enable them to be resistant to 
nucleophilic attack. Moreover, some of PAHs are mutagens, potent carcinogens or 
teratogens. As PAHs are very toxic even at low dose, remediation processes are 
needed for the clean up the contaminated sites due to improper disposal of PAHs. 
Photocatalytic oxidation (PCO) is believed as an effective, non-selective and 
inexpensive method to degrade and detoxify PAHs in a fast and more complete way. 
PCO, is an advanced oxidation process，relies on the generation of reactive free 
radicals (e.g.- OH) as initiators to induce oxidative degradation. Because of excellent 
functionality, long-term photostability, low cost, chemical inertness and non-toxicity, 
titanium dioxide (TiOi) has been a promising photocatalyst for PCO degradation of 
pollutants in water and air. 
In this study, degradation of 10 PAHs named naphthalene, acenaphthylene, 
phenanthrene, anthracene, pyrene, chrysene, benzo [a]anthracene, benzo[a]pyrene, 
dibenzo [a]anthracene and benzo [g,h,i]perylene by PCO (Ti02 and UV irradiation) 
was investigated. In photocatalytic reactivity test, naphthalene, acenaphthylene and 
anthracene obtained the highest removal efficiency (RE) and could be completed 
degraded within 30 min, while the others required at least 2 h to complete 
degradation. Water solubility and electron distribution (Dewar's number) over PAH 
molecule are two important factors affecting the photocatalytic reactivity of the PCO 
reaction. PAHs with small Dewar's number can overcome problem of low water 
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solubility to certain extent only towards PCO degradation. 
Furthermore, the photocatalytic degradation rates of phenanthrene, anthracene, 
pyrene, benzo [a] anthracene and benzo[a]pyrene were improved upon addition of 
acetone. However, the addition of acetone could also pose a negative effect on 
photocatalytic degradation of some PAHs such as chrysene, dibenzo [a]anthracene 
and benzo[g,h,i]perylene with comparatively low water solubility. 
In the part of identification of intermediates, the degradation pathways of six PAHs 
were proposed. The commonly found intermediates were alcohol, ketone, aldehydes 
and benzopyrone. Moreover, the attack of reactive sites by free radicals can be 
correlated to the localization energies of position of the compound. The effect of 
acetone on degradation mechanism was carried out and found that addition of large 
amount of acetone can sometimes alter the degradation pathway of PAHs in PCO in a 
qualitative and quantitative manner. On the other hand, when PAHs were treated in 
mixture, almost no change in their degradation pathways were resulted, but with an 
accumulation of intermediates. 
Lastly, the parent compounds: acenaphthylene and phenanthrene showed acute 
toxicity in the Microtox® test. Induction of acute toxicity occurred upon UV 
irradiation. At the end, all selected PAHs can be completely detoxified within 2 4 - 3 2 
h, especially, for anthracene, only 16 h was required for complete detoxification. This 
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1.1 General characteristics 
The polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic contaminants 
in the environment. In fact, PAHs are fuse-ring compounds consisting of carbon and 
hydrogen atoms, arranged in either linear, angular or cluster structure (Zeng et al., 
2000). In addition, PAHs (from naphthalene to coronene) can be categorized into 
alternant and non-altemant PAHs. Alternant PAHs such as naphthalene composed 
entirely of benzenoid rings. Non-altemant PAHs such as acenaphthylene include 
four-, five- or six-member of non-aromatic ring structure. In addition, PAHs can 
exhibit substituted groups attached around the ring structure. The substituted groups 
can be hydroxy, dihydroxy and dihydrodiol groups, alkyl groups, chlorine and 
bromine groups etc (Varanasi, 1989; Wilson and Jones, 1993; Canadian Council of 
Ministers of the Environment, 2008). PAHs have low hydrogen-to-carbon ratio and 
usually occur in mixtures (associated with combustion products such as soot) rather 
than as single compounds (Agency for Toxic Substances and Disease Registry, 1995; 
Ravindra et al., 2008). 
For pure PAHs, they usually exist as colorless, white or pale yellowish-green solids. 
PAHs can be used in manufacture dyes, plastics and pesticides (Agency for Toxic 
Substances and Disease Registry, 1995). Generally, PAHs have low solubilities and 
volatilities but high lipophilicity. The octanol-water partition coefficient (Kp) can 
determine whether a substance remain adsorbed onto organic matter (high Kp values) 
or to dissolve in water (low Kp values). Low molecular weight PAHs (e.g. 
naphthalene) are relatively volatile, water soluble and less lipophilic than high 
molecular weight PAHs (e.g. pyrene) (Henner et al., 1997; Ferrarese et al., 2008). 
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Polycyclic aromatic hydrocarbons are regarded as persistent organic pollutants 
(POPs) which are subjected to international atmospheric emissions controls under 
regulation of 1998 United Nations Economic Commission for Europe (UNECE) 
protocol (Liu et al., 2006; Ferrarese et ai, 2008). PAHs have high persistence due to 
the dense clouds of 7c-electrons on both sides of ring structure, enabling them to be 
resistant to nucleophilic attack (Johnson et al” 2005). Due to high toxicity, 
carcinogenic and mutagenic effects and environmental persistence, 16 PAHs were 
listed by the United States Environmental Protection Agency and by the European 
Community as priority environmental pollutants (International Agency for Research 
on Cancer, 1984; Wild and Jones, 1995; Henner et al” 1997; Ferrarese et al., 2008). 
The physicochemical properties of 16 PAHs including naphthalene, acenaphthylene, 
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene, 
benzo [a] anthracene, benzo[b] fluoranthene, benzo [k] fluoranthene, benzo [ajpyrene, 
dibenzo[a]anthracene, indeno[l,2，3-c,d]pyrene and benzo[g,h,i]perylene are shown 
in Table 1.1. Moreover, these 16 PAHs except naphthalene were also included in the 
toxicological profile for polycyclic aromatic hydrocarbons by the United States 
Agency for Toxic Substances and Disease Registry (1995). Agency for Toxic 
Substances and Disease Registry (1995) chose these PAHs because they were more 
harmful than others, representative to exhibit harmful effects, higher chance to 
contact with and exist in higher concentration in the environment. In addition, under 
the Canadian Environmental Protection Act (CEPA), PAHs were assessed as part of 
the “Priority Substance List” (PSLl) (Canadian Council of Ministers of the 
Environment, 2008). Based on the toxicological data availability, PSLl considered 
the environmental risks of 9 PAHs including naphthalene, acenaphthene, fluorine, 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.2 Sources of PAHs 
Generally speaking, PAHs are generated from saturated hydrocarbons under 
oxygen-insufficient conditions (Ravindra et al., 2008). Two major processes account 
for PAHs formation are pyrosynthesis and pyrolysis (cracking of organic compounds) 
(Ravindra et al., 2008). For pyrosynthesis, PAHs are derived from hydrocarbons with 
low molecular weight. On the other hand, higher alkanes originated from fuels and 
plant materials are raw materials for generation of PAHs in pyrolysis (Ravindra et al., 
2008). There are two kinds of sources of PAHs: natural and anthropogenic sources. 
PAHs are naturally generated by incomplete combustion of organic matter occurred 
during volcanic eruptions as well as forest and prairie fires caused by lightning 
strikes (Baumard et al., 1999; Jacques et al., 2008; Ravindra et al., 2008). As 
reported by Wild and Jones (1995), emission from volcanic eruption may be 
negligible. 
Anthropogenic sources contribute to the major route of entry of PAHs into the 
environment. Anthropogenic sources are divided into four categories: industrial, 
mobile, domestic and agricultural sources. Examples of industrial sources are 
combustion of coal and oil (Nielsen, 1996; Crisafully et al., 2008), primary 
aluminum production (Ravindra et al., 2008), wastewater from petrochemical plants 
(Domeno and Nerin, 2003; Crisaflilly et al” 2008), creosote and wood preservation 
(Ravindra et al” 2008), oil and diesel spills, waste incineration (Wild and Jones, 
1995; Henner et al., 1997; O ' M a h o n y et al., 2006; Ferrarese et al., 2008)，rubber tire 
manufacturing and power production. Mobile sources usually come from vehicle 
emission from aircraft, trains, ships and automobiles (Ravindra et al., 2008) due to 
usage of diesel oil. Coal, wood and peat burning are common for cooking which 
6 
contribute to high ambient air concentration and are regarded as domestic sources (Li 
and Kamens, 1993). Others include burning of oils; garbage and even tobacco are 
also components of domestic sources (Smith, 1987; Ravindra et al., 2008). Lastly, 
burning of agricultural wastes (e.g. brushwood and straw) is also an emission source 
of atmospheric PAHs. 
1.3 Adsorption of PAHs 
Owing to their remarkable low water solubility and hydrophobic nature, PAHs are 
found to adsorb on solid particulates, especially on dissolved organic matter (DOM) 
in sediments (Rivas, 2006). Thus, once PAHs are released into the aquatic 
environment, sediment will become a repository for them. Therefore, study on 
adsorption and desorption processes occurred between PAHs and sediment is 
significant to determine which remediation methods should be used for 
PAH-contaminated soils. 
Rivas (2006) highlighted two common parameters that would affect adsorption 
processes of PAHs were solubility of PAHs and organic fraction of sediment they 
adsorbed on. Other possible factors such as temperature and salinity of the 
environment may also pose a potential effect on their adsorption processes. In 
addition, Wang et al. (2008) reported that contaminants could be adsorbed on various 
adsorption sites present on the surface of soil particulates. Up to now, adsorption 
mechanisms cannot be simply explained by a single partition or adsorption 
hypothesis because of multi-component nature of sediment. 
Harayama (1997) suggested that there was a limitation to adopt bioremediation for 
treating PAHs with four or more fused rings. This may indicate that PAHs with 
7 
higher ring numbers have a low bioavailability towards microorganisms (Davis et al., 
1993; Carmicheal et al., 1997; Zhang et al., 1998). Moreover, once the PAHs are 
associated with the organic fractions of sediment, their bioavailability will decrease 
with time. This phenomenon is called sequestration which comes up with aging 
problem of PAH-contaminated sediments. Sequestration describes a migration of 
adsorbed PAHs into condensed organic matter and inaccessible micropores of the 
sediment (Lee et al., 2001; Brion and Pelletier, 2005; Rivas, 2006). At the time, 
desorption process of PAHs will only occur at slow rate which then limit their 
bioavailability to microorganisms (Kelsey and Alexander, 1997). 
Correlation between sequestration and soil nature is still controversial among 
different research works. Harayama (1997) reported adsorption capacity of soil was 
varied by factors such as the nature and moisture content of the soil. The author 
further investigated that PAHs would become non-extractable when water content of 
the soil was low. However, Brion and Pelletier (2005) confirmed there was 
insignificant effect of grain size, organic carbon content and mineral composition of 
sediment on the kinetic and progress of sequestration. 
In order to improve the efficiency of bioremediation, researchers tried to utilize 
surfactants (Grimberg et al” 1996; Yeom et al., 1996) and organic solvents 
(Weissenfels et al., 1992; Field et al； 1995; Jimenez and Bartha, 1996; Kilbane, 
1997; Lee et al., 2001) to render PAHs from bounded soil particulates. Addition of 
surfactants can have positive, negative or no effect on degradation of PAHs. Negative 
effect usually comes from the possibility that the surfactants are toxic or they are 
used preferentially as a source of carbon and energy by degrading microorganisms 
(Harayama, 1997). On the other hand, positive effects of addition of organic solvents 
8 
to help bioremediation are usually encountered. Lee et al. (2001) reported successful 
pretreatment of PAH-contaminated soil with ethanol and acetone which enhanced 
PAHs availability to biodegradation. For chemical oxidation of PAHs, solvents can 
also help to extract PAHs from micropores before treating with oxidizing agents 
(Rivas et al., 2006). 
1.4 Environmental fate of PAHs 
The distribution and transformation of PAHs is dependent on gas/particle phase 
partitioning (Hamer and Bidleman, 1998; Ravindra et al., 2008). This partitioning 
factor can be various due to different parameters, ambient temperature and 
liquid/vapor pressure, humidity, precipitation, size, composition and surface area of 
particulate matter they adsorbed on (Subramanyam et al., 1994; van Jaarsveld et al., 
1997; Lee and Jones, 1999; Liu et al., 2006; Ravindra et al., 2008) . Once PAHs are 
released into the environment, low molecular weight PAHs (2 - 3 benzene rings) can 
be mostly found in the gas phase and can undergo wide dispersal and selectively 
deposited in polar regions (Subramanyam et al” 1994; Wania and Mackay, 1996; van 
Jaarsveld et al., 1997; Lee and Jones, 1999; Liu et al., 2006; Ravindra et al., 2008). 
On the other hand, high molecular weight PAHs tend to deposit close to the sources 
because of low mobility (Wania and Mackay, 1996). They associate with particulate 
matter. Nikolaou et al. (1984) reported that 70-90% of total PAHs were found to 
adsorb on particulate matter at ambient temperature. In addition, Jacobson et al. 
(2000) highlighted the importance of some of water-soluble ions (e.g.: K+，Na+，Ca^ "^ , 
Mg2+，NH4+，NO3- and SO/ ' ) that co-existed with airborne particles could act as 
surface active agents to increase the solubility of toxic organic compounds, and make 
them better adsorbed on it. 
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Atmosphere, sediments and soils are major environmental sinks for PAHs. However, 
PAHs emitted and transported may contaminate surface and land that far away from 
sources. PAHs present in the gas phase usually dissolve in water droplets within 
cloud and into raindrops (Golomb et al., 2001; Offenberg and Baker, 2002; Ravindra 
et al., 2008). For PAHs associated with particulate matter can be removed from the 
atmosphere by wet (precipitation) or dry (wind) deposition to water bodies, soil and 
plant surfaces (Rogge et al” 1993; Ravindra et al., 2003; Canadian Council of 
Ministers of the Environment, 2008). On the other hand, PAHs adsorbed on soil 
particles may be degraded slowly by microbial activity or washed out by surface 
runoff. Thus, it may contaminate underground water or river/lake nearby. Lastly, 
PAHs enter aquatic environment pass through a series of processes: volatilization, 
photolysis, hydrolysis, biodegradation and most likely adsorption to suspended 
matter or sediment where they tend to persist (Canadian Council of Ministers of the 
Environment, 2008). 
1.4.1 Transformation 
1.4.1.1 PAHs in atmosphere 
Photo-oxidation transformations including ozone-induced oxidation and 
hydroxylation are regarded as major reaction for removing atmospheric PAHs in the 
presence of sunlight into polar oxidized compounds (Lyman et al., 1982; Cemiglia 
and Heitkamp, 1989; Canadian Council of Ministers of the Environment, 2008; 
Ravindra et al., 2008). Atmosphere PAHs can undergo thermal oxidation by reacting 
with atmospheric chemicals (e.g.: nitrogen oxides (NOx)) to produce more toxic 
derivatives e.g. nitro-PAHs (Nicolaou et al” 1984; Sasaki et al, 1997; Ravindra et al., 
2008). Other transformations with dinitrogen penoxide (N2O5), hydroxyl radicals 
(•OH), sulphur dioxide (SO2) and peroxyacetyl nitrate may occur to produce possible 
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products such as hydroxyl- and hydroxynitro-PAH derivatives (Agency for Toxic 
Substances and Disease Registry, 1995; Canadian Council of Ministers of the 
Environment, 2008). The third type of transformation involves heterogeneous 
reactions of particulates PAHs making them more hydrophilic and become cloud 
condensation nuclei (Jones et al., 2004; Ravindra et aL, 2008). Finally, the last one is 
secondary aerosol components generated from gas-phase reactions condense on 
freshly emitted particles which limit accessibility to microorganisms and 
heterogeneous reactions (Ravindra et al., 2008). 
PAHs present in gas phase are more susceptible to photo-oxidation than in particulate 
phase (Valerio and Lazzarotto, 1985; Kamens et al., 1988; Wild and Jones, 1995; 
Ravindra et al., 2008). Nielsen et al. (1983) stated that protection from 
photo-oxidation was provided by porous and carbonaceous structure (exhibit light 
shielding and stabilizing) of substance such as soot and fly ash. As a result, the rate 
of PAH degradation is faster in homogeneous gas phase than in heterogeneous 
particulate phase (Behymer and Kites, 1988; Agency for Toxic Substances and 
Disease Registry, 1995). Moreover, studies found that PAHs particle loading were 
associated with the rate of photo-oxidation (Kamens et al., 1988). 
1.4.1.2 PAHs in water 
Photodegradation (photolysis and photo-oxidation), chemical oxidation and 
biodegradation are major processes for degradation of PAHs in water (Neff, 1979; 
Agency for Toxic Substances and Disease Registry, 1995). The rate of these reactions 
is correlated to several factors: temperature, depth, flow rate, degree of pollution and 
most important, the oxygen content of water. Studies suggested that oxidations with 
singlet oxygen (•O) and peroxy radicals (•RO2) were not important to control the 
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environmental fate of PAHs in water (Mill and Mabey, 1985). Moreover, other 
studies highlighted the importance of presence of sensitizers and quenchers in 
affecting the rate of photolysis (Agency for Toxic Substances and Disease Registry, 
1995). The former will increase but the latter will decrease the rate of photolysis. In 
addition, due to effect of light attenuation and scattering, the rate of photolysis will 
decrease with increasing water depth (Zepp and Schlotzhauer, 1979; Agency for 
Toxic Substances and Disease Registry, 1995). For chemical oxidation, chlorination 
is more effective than ozonation in degradation PAHs in water (Neff, 1979; Agency 
for Toxic Substances and Disease Registry, 1995). Lastly, Neff (1979) found that 
biodegradation of PAHs was slower in anoxic conditions. 
1.4.1.3 PAHs in soil and sediment 
Biodegradation is a major process for degradation of PAHs adsorbed on soil and 
sediment but of lower reaction rate. In addition, the rate of biodegradation in soil 
depends on various factors: temperature, pH，soil type, nutrients, presence of other 
contaminants, previous contamination and presence of substance that can act as 
co-metabolites (Sims and Overcash, 1983; Bulman et al., 1985; Petroleum 
Association for the Conservation of the Canadian Environment, 1988; Agency for 
Toxic Substances and Disease Registry, 1990; Cooper, 1991; Wild et al., 1991; 
Canadian Council of Ministers of the Environment, 2008). The metabolic pathways 
of bacteria and, fungi and mammals are different due to presence of cytochrome 
P450 enzyme system in the latter organisms (Canadian Council of Ministers of the 
Environment, 2008). Bound tightly with organic matter present in both soil and 
sediment will limit the bioavailability of PAHs to microorganism (Manilal and 
Alexander, 1991). Increase in organic carbon content and surface area of the 
adsorbent particles will lead to increase in adsorption of PAHs into soil. 
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An occurrence of volatilization and photolysis is possible for PAHs fewer than four 
benzene rings (Wild and Jones, 1993; Canadian Council of Ministers of the 
Environment, 2008). For example, volatilization of low molecular weight PAHs such 
as acenaphthene, acenaphthylene, fluorene, phenanthrene and anthracene contributes 
to the removal of PAHs from soil and therefore resulting in substantial concentration 
of them in soil (Southworth, 1979; Coover and Sims, 1987; Wild and Jones, 1993; 
Agency for Toxic Substances and Disease Registry, 1995). However, Park et al. 
(1990a) stated that volatilization of PAHs such as anthracene, phenanthrene, 
fluoranthene, pyrene, chrysene, benzo [a] anthracene, benzo [b] fluoranthene, 
benzo[a]pyrene, dibenzo[a,h]anthracene and indeno[l,2,3-c，d]pyrene was negligible 
in soil. 
1.4.2 Route of entry into human 
PAHs can enter our body through different pathway: inhalation, ingestion (eating and 
drinking) and skin absorption. PAHs are preferentially adsorbed on sub-micron-sized 
airborne particles which are easily uptaken by inhalation (van Vaeck and van 
Cauwenberghe, 1978; Nicolaou et al., 1984; Liu et al., 2006; Ravindra et al., 2008). 
The concentration of particulate matter with diameter equal to lOjum (PMio) or 
2.5|a,m (PM2.5) is chosen to represent the particle fraction that can enter more deeply 
into the respiratory tract (demons et al., 1998; Liu et al., 2006; Canadian Council of 
Ministers of the Environment, 2008). These respiratory particulate matters posed a 
health risk to human by depositing at respiratory tract and even pulmonary alveoli. 
Absorption is slow when PAHs enter through alimentary canal through drinking and 
eating. Although the bioconcentration factors (BCFs) for fish and crustaceans fall 
with 10-10,000 range, the uptake of PAHs through food chain is not a major pathway 
of exposure to PAHs (Agency for Toxic Substances and Disease Registry, 1995). 
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Moreover, absorption of PAHs through contact of skin with high concentration of 
PAHs is possible. PAHs can enter into living tissues containing fats. Generally, they 
are preferentially stored in kidney, liver and other fatty tissues. PAHs may become 
more harmful by activation or harmless substances by detoxification, respectively. 
1.5 Toxicity of PAHs on human 
1.5.1 Cancer 
Low molecular weight PAHs usually pose a high acute toxicity to aquatic organisms 
because of higher water solubility. When the molecular weight of PAHs increases, it 
causes an increase in carcinogenicity and a decrease in acute toxicity (Ravindra et al., 
2008). Once entered into mammals, metabolism will activate these compounds to 
generate highly reactive metabolites with mutagenic and carcinogenic properties 
(Netto et al., 2000; Jacques et al., 2008). 
The process of carcinogenesis is divided into three stages: (1) Initiation, (2) 
promotion and (3) progression. Parental PAHs can only be regarded as potent 
carcinogen as they have little tendency to bind directly with DNA to trigger 
genotoxicity. Thus, the first step, initiation is important to activate PAHs into more 
reactive intermediates by CYPIA of the cytochrome P450 oxidase enzyme complex 
so as to form DNA adduct. Take benzo [a]pyrene (BaP), a well-known probable 
human carcinogen as an example to illustrate metabolic activation route (Figure 1.1). 
First of all, BaP is converted into BaP-7,8-epoxide by oxidation. It then undergoes 
hydrolysis to form BaP-7,8-dihydrodiol. Lastly, this intermediate is further 
transformed into ultimate carcinogen, BaP-7,8-dihydrodiol-9,10-epoxide. The diol 
epoxide possessing carbonium ion can act as alkylating agent and readily bind with 
DNA to form DNA adduct, possibly lead to mutation. Then, the presence of 
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BaP 
1 iT J 
k A A j l BaP-7,8-epoxide 
H o ^ ' ' B a P - 7 , 8 - d i h y d r o d i o l 
OH 
Qv r r J 
BaP-7,8-dihydrodiol-9,10-epoxide 
Figure 1.1 Metabolic activation of benzo[ajpyrene (BaP) by cytochrome P450 
enzyme system (modified from Canadian Council of Ministers of the Environment, 
2008). 
chemical promoter can lead to a loss of feedback control that is significant to normal 
cell division. Finally, a progression toward malignancy will cause proliferation of 
cancel cells and finally a tumor is resulted. The term "bay region" can describe the 
correlation between structure of PAHs and their carcinogenic potency. It is 
commonly seen that carcinogenic PAHs possess with a bay region (illustrated in 
Figure 1.2). 
According to Table 1.1, besides benzo [a]pyrene, chrysene, benzo [a] anthracene, 
benzo [b] fluoranthene, benzo [k] fluoranthene, dibenzo [a] anthracene and indeno-
[l,2,3-c,d]pyrene are found to have high carcinogenic potency. An exposure to PAHs 
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Bay region 
Figure 1.2 Illustration of bay region of benzo [a]pyrene. 
may increase the risks of developing cancers in lung, stomach, bladder and skin 
depending on the mode of exposure and form of PAHs (International Agency for 
Research on Cancer, 2006). 
1.5.2 Other health effects - acute effects 
Low molecular weight PAHs such as naphthalene can cause acute toxicity to human. 
The lethal oral dose of naphthalene is 5,000-15,000 mg for adults and 2,000 mg 
taken over two days for a child (Canadian Council of Ministers of the Environment, 
2008). After oral exposure, people suffer from acute haemolytic anaemia. Moreover, 
an exposure to high concentration of benzo [ajpyrene will lead to an acute response 
such as modification of lymph nodes, ulceration, reduction in growth and fertility 
rates, inflammation of the skin, induction of immunosuppressive effects, hyperplasia 
and hyperkeratosis (Canadian Council of Ministers of the Environment, 1999). 
1.5.3 Other health effects - chronic effects 
1.5.3.1 Respiratory effect 
Correlation of respiratory health and length of employment at the factory with 
exposure to benzo [a] pyrene (BaP) was studied (Gupta et al., 1993). It was found that 
there was a significant decrease in respiratory function of workers with prolonged 
exposure to BaP. Some of the workers showed radiographic abnormalities such as 
prominent bronchiovascular markings, pleural effusions and patch opacities. Other 
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symptoms such as bloody vomit, chest pains, breathing problems, cough and throat 
irritations were also encountered. 
1.5.3.2 Dermal effect 
Skin disorders can be developed by exposure to mixture of PAHs to humans. Cottini 
and Mazzone (1939) reported that when 1% benzo [a] pyrene dissolved in benzene 
was applied to human skin over 4 months, regressive verrucae (i.e., warts) was 
developed in 120 dermal applications. Although the result showed reversible and 
apparently benign, neoplastic proliferation occurred. 
Cottini and Mazzone (1939) continuously studied on adverse dermal effects in 
humans to benzo [a]pyrene (1%) by further exposing the patients with preexisting 
dermal conditions of xeroderma pigmentosum (possessed symptoms such as 
disseminated pigment discolorations, ulcers, and cutaneous and muscular atrophy) 
and pemphigus vulgaris (possessed symptoms such as appearance of successive 
crops of blisters) upon moderate duration. Local bullous eruptions characteristic of 
the disease were resulted to the patients preexisting with pemphigus. On the other 
hand, for the patients preexisting with xeroderma pigmentosum, they exhibited only 
pigmentary and slight verrucous effects. 
1.6 Treatment methods of PAHs 
1.6.1 Incineration 
Incineration is a process that volatilizes and combusts halogenated and other organics 
wastes which can greatly reduce the volume of the wastes. However, incinerators 
may release carcinogenic and toxic chemicals from their stacks e.g. dioxin and furans 
(Lonati et al., 2007). Thus, this method is not chosen for PAH treatment now. 
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1.6.2 Bioremediation 
In the environment, PAHs may be degraded or transformed by chemical oxidation, 
photolysis, bioaccumulation, volatilization and adsorption upon released, but most 
likely biodegradation is considered as primary dissipation mechanism for 
remediating organic contaminants present in the environment (Cemiglia, 1993; Yuan 
et al., 2000; Li et al., 2008). Being an efficient and economically attractive option 
compared to other remediation processes such as physical treatment and chemical 
oxidation, bioremediation is widely studied. Bioremediation is referred to use living 
organisms (e.g. bacteria, fungi, algae or green plants) to clean up contaminated soil 
or water via biosorption, biotransformation or biodegradation (Juhasz and Naidu, 
2000). For example, biodegradation of PAHs by bacteria which incorporates two 
oxygen atoms into aromatic rings through the use of multi-component enzymes 
system (most important, dioxygenase) was the rate-determining step of the reactions 
(Albaiges et al., 1983; Cemiglia, 1992; Juhasz and Naidu, 2000). Cis-dihydrodiols 
formed will undergo further oxidation to give useful substrates such as succinic, 
fumaric, pyruvic and acetic acids to sustain the need of microorganisms for synthesis 
of cellular components and generating energy (Wilson and Jones, 1993; Juhasz and 
Naidu, 2000). 
Successful bioremediation of soil/sediment with low molecular weight PAHs was 
reported (Mueller et al., 1991; Banerjee et al., 1995; Kastner and Mahro, 1996). 
Nevertheless, degradation of high molecular weight PAHs by bioremediation is 
difficult due to their recalcitrant fractions (Park et al., 1990b; Cemiglia, 1992; 
Erickson et al., 1993; Sabate et al., 2006). It may due to several environmental 
factors such as uptake, bioavailability and toxicity of PAHs, accessibility of nutrients 
required by degrading microorganisms and the most significant one, lack of 
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microorganisms possessing target enzymes capable of degrading PAHs of greater 
number of benzene rings (Cemiglia, 1992; Juhasz and Naidu, 2000; Kulik et al., 
2006). Moreover, the effectiveness of bioremediation is limited by long residence 
time due to low reaction rate (Pera-Titus et al., 2004; Sabate et al., 2006). It is due to 
the reasons below: (1) optimal growth conditions are changed for microorganisms 
during process, (2) accumulation of toxic intermediates metabolites happen and (3) 
recalcitrant fractions of PAHs are accumulated (Kazunga et al., 2001; Mahro et al., 
2001; Sabate et al., 2006). In addition, PAHs adsorbed on soil particulate are not 
ready to be degraded as microorganisms can only transform and degrade them in 
aqueous phase (Luthy et al., 1994; Bosma et al., 1997; O'Mahony et al., 2006). 
1.6.3 Chemical oxidation 
Chemical oxidation based technologies include ozonation, Fenton's reagent, 
sub/supercritical water oxidation and the addition of permanganate/persulfate. Being 
one of the most common chemical oxidations, ozone is a powerful oxidizing agent 
which is used extensively in treatment of drinking water in some countries (Bailey, 
1978; Camel and Bermond, 1998; Rositono et al., 2001; O'Mahony et al., 2006). 
Ozone can oxidize organic contaminants by acting direct oxidation or through 
production of another power oxidative species, hydroxyl radicals. 
Masten and Davies (1997) reported that the use of gaseous ozone was efficient to 
achieve oxidation rather than that in aqueous solutions due to higher diffusivity of 
ozone. In addition, Kulik et al. (2006) further confirmed that the efficiency of 
ozonation was highly dependent on the water content of soil samples. Higher water 
content of soil had negative effect on the performance of ozonation system. Ozone 
can be easily converted back into atmosphere oxygen that does not leave toxic 
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residues in treated soil (O'Mahony et al., 2006). However, considering the usage of 
gaseous ozone, one limitation is that gaseous ozone can only apply to remediate soils 
contaminating with low or non-volatile organic compounds that do not evaporate 
upon soil venting (Hsu and Masten, 1997). In addition, a lower PAH reactivity 
towards gaseous ozone and a lower reactivity of high molecular weight PAHs are 
also concerned (Masten and Davies, 1997; Rivas, 2006). Lastly, the wasting problem 
of ozone and desorption of adsorbed PAHs may occur upon the degradation of 
bounded organic matter by ozone. Therefore, there may be a risk to release PAHs 
into nearly groundwater, ponds or river and lead to contamination of water (Rivas, 
2006). 
The use of Fenton's reagent in soil remediation is also widely studied. Hydrogen 
hydroxide (H2O2) with or without addition of iron salt (usually Fe ) can oxidize 
organic compounds into carbon dioxide and water (Kulik et al., 2006; Rivas, 
2006).With the presence of H2O2 only, the equation will be (Kulik et al., 2006): 
H2O2 + CnHm -> mHiO + nC02 (1.1) 
With addition of a proper catalyst, Fe salt, the reaction of H2O2 will be catalyzed to 
generate strong and non-selective oxidative species called hydroxyl radicals (•OH) 
(Kiwi et al., 2000; Kulik et al., 2006; Ciotti et al., 2008): 
H2O2 + Fe2+ + •OH + OH" + Fe3+ (1.2) 
The hydroxyl radical produced will lead to a series of propagated reactions (Watts 
and Ted, 2005; Ciotti et al., 2008): 
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•OH + H2O2 + HO2 + H2O (1.3) 
•HO2 —•O2- + H+ (1.4) 
•HO2 + Fe2+ + HO2- + Fe3+ (1.5) 
The presence of soil organic matter will lead to high operational cost of soil 
remediation using Fenton's reagent (Rivas, 2006). The reason is that the soil organic 
matter will consume H2O2 since PAHs have adsorbed and bound on soil particulates. 
PAHs must be released before they can react with the Fenton's reagent. Therefore, a 
high dose of H2O2 needs to be applied to eliminate the negative effect of adsorption 
(Bogan and Trbovic, 2003). 
Overall, chemical oxidation possesses some advantages, firstly, chemical oxidation is 
relatively not sensitive to the type and the concentration of the contaminants, the 
temperature changes and the presence of toxic substances (Kim and Choi, 2002; 
O'Mahony et al., 2006; Rivas, 2006). For examples, it will be a better alternative to 
replace bioremediation in treatment contaminants soils with lower microbial 
activities in colder climate (Goi and Trapido, 2004; O'Mahony et al., 2006). The 
most attractive benefit is that oxygenated intermediates/products resulted usually are 
more soluble and biodegradable (Kulik et al., 2006; Rivas, 2006). On the other hand, 
some drawbacks have to be considered. For example, this treatment is expensive than 
bioremediation due to a higher cost in installation of equipment required and usage 
of oxidizing agents. In addition, wastage of oxidizing agents occurs due to the 
presence of great amount of organic matter in soils which results in a higher 
treatment cost (Rivas, 2006). 
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1.6.4 Combined biological-chemical treatment 
Kornmuller and Wiesmann (2003) reported that one of advantages of using ozonation 
to remediate PAH-contaminated soil was that ozone could transform the adsorbed 
PAHs into more soluble intermediates. On the other hand, bioremediation cannot 
treat PAHs adsorbed on soil particulates; but it is capable of treatment soluble 
intermediates of higher bioavailability. Therefore, there is a potential combination of 
two treatments: biological and chemical treatments which are widely studied in 
wastewater treatment. Two examples are ozone-biodegradation and hydrogen 
peroxide- biodegradation treatment. The former can be applied to degrade phenols, 
pesticides and chlorinated benzenes (Hapeman et al., 1995; Stockinger et al., 1995; 
Kulik et al., 2006). Degradation of PAHs is found with the use of the latter treatment 
(Lee and Hosomi, 2001; Piskonen and Itavaara, 2002; Kulik et al., 2006). 
The positive effect of the experiments using combined treatment is usually resulted. 
It is because pre-oxidation can converts PAHs into more soluble oxygenated 
intermediates which are more biodegradable than the parental compounds (Martens 
and Frankenberger, 1995; Lee et al., 1998; Lee and Hosomi, 2001; Nam et al., 2001; 
Stehr et al., 2001; Goi and Trapido, 2004; Kulik et al., 2006; O'Mahony et al., 2006). 
Moreover, pre-oxidation can also help to release PAHs from adsorbed soil 
particulates by firstly degrading soil organic matter present in soil. Lastly, Carberry 
and Benzing (1991) reported that the combined treatment of hydrogen peroxide and 
biodegradation not only enhanced the degradation efficiency of contaminants present 
in wastewater but also lowered the operational cost due to the reduction of dosage of 
hydrogen peroxide used. 
On the other hands, some limitations may need to be considered (Rivas, 2006). 
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Firstly, pre-oxidation may do the same work as microorganisms which later on they 
cannot generate energy through usual degradation pathway. Moreover, the 
degradation intermediates/products generated may even more toxic than parental 
compounds. Therefore, toxicity tests must be carried out to make sure the 
degradation system can both degrade and detoxify PAHs. Finally, the oxidants 
applied may also be harmful to microorganisms which may inhibit the 
biodegradation. 
1.6.5 Advanced oxidation processes 
Advanced oxidation processes (AOPs) are referred to those which involve the 
generation of highly reactive oxygen species (mainly hydroxyl radicals) in sufficient 
quantity to affect water purification (Glaze et al., 1987). The major components of 
AOPs is a combined method of ozone(03), hydrogen peroxide (H2O2) and ultraviolet 
(UV) radiation and photocatalyst (TiOi), such as O3/UV, H2O2/UV, O3/H2O2/UV and 
TiOi/UV. AOPs are widely accepted today because it is not selective towards the 
type and concentration of contaminants (Kim and Choi, 2002). Moreover, it is 
capable of oxidizing almost all organic compounds to carbon dioxide, water and 
inorganic anions (Pera-Titus et al., 2004). 
Photocatalytic oxidation (PCO), one of many advanced oxidation processes (AOPs), 
relies on generation of hydroxyl radicals from photocatalysts (e.g. titanium dioxide, 
Ti02) to trigger oxidative degradation. Pioneer research on titania photocatalysis was 
conducted by Japanese researchers, Fujishima and Honda (1972). A similar study of 
PCO reaction of PAHs was conducted by Ireland et al. (1995). PCO has several 
advantages (Carp et al., 2004): (1) It is a non-selective treatment of organic and 
inorganic contaminants under ambient temperature and pressure in a few hours, (2) It 
23 
initiates simultaneous oxidative and reductive reactions that can treat contaminant in 
ppb levels and (3) With adequate time, PCO is capable of mineralizing all organic 
compounds into carbon dioxide and water. 
1.6.5.1 Photocatalytic oxidation 
The adsorption of organic compounds to TiO� particle represents the 
rate-determining step of reaction. Although hydroxyl radicals (•OH) can diffuse into 
the aqueous solution to react with target organic compounds, it has short lifetime due 
to high reactivity. Therefore, the reaction of radicals and organic compounds must 
take place closer to the TiOi surface (Muzyka and Fox, 1991; Nosaka et al., 1998; 
Mura et al., 2002). 
The basic mechanism of PCO is shown in Figure 1.3. The UV irradiation on TiO! 
particle providing absorbed photon energy equals to or exceeds the band gap of the 
semi-conductor photocatalyst can cause excitation of electron from valence band 
(VB) to conduction band (CB). This results in generation of electron (e') and hole (h+) 
pair (Diebold, 2003; Carp et al., 2004; Gaya and Abdullah, 2008; Lu et al., 2008): 
TiOi + hv—» TiOi (e"(CB) + h+(vB)) (1.6) 
However, upon excitation, electron and hole recombination may occur and release 
energy as heat (Gaya and Abdullah, 2008). Studies observed that when the charged 
carrier (e' + h+) were trapped, they existed near the particle surface and did not 
recombine immediately after excitation (Furube et al., 1999). The rate of 
recombination of electron and hole pair can be slower due to the presence of oxygen 
and hydroperoxyl radical. These species can act as scavenger of electrons which can 
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then lengthen the lifetime of positive hole (h+) by go through a series of reactions to 
hydrogen peroxide (H2O2) (1.7-1.10) (Gaya and Abdullah, 2008). Finally, H2O2 act 
as electron acceptor to produce •OH: 
02 + e-(cB)今•O!- (1.7) 
•O2-+H+ + .HOs (1.8) 
•H02 + e(CB)^H02- (1.9) 
Conduction Band \ 
. \ 
UV irradiation� Excitation 
TiO. 
Recombination 
A <380 nm / ^ 
1 . 
\ Valence Band ，� / 
^ . OH 
H2O, o h " 
Figure 1.3 The basic mechanism of PCO. 
HO2-+ H + H 2 O 2 (1.10) 
H2O2 + e"(CB) -> OH" + -OH (1.11) 
Positive hole (h+) can directly oxidize the target organic compounds or react with 
other species to produce hydroxy 1 radical (•OH) in aqueous solution (Fujishima et al., 
2000; Zhao and Yang, 2003): 
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h+(vB) + R •R+ + Degradation intermediates/products (1.12) 
h+(vB) + H2O + •OH + H+ (1.13) 
h+(vB)+OH-"> •OH (1.14) 
•OH + R-H + •R, + H2O (1.15) 
Hydroxyl radical (•OH) is a powerful oxidative species which is just weaker than 
fluorine. Together with the positive hole (h+), superoxide radicals anions (•O2") and 
hydroperoxyl radical (•HO2), hydrogen peroxide (H2O2) play critical role in 
photo-oxidative degradation by acting as indiscriminate oxidizing agents (Alberci 
and Jardim, 1997; Zang and Famood, 2005; Gaya and Abdullah, 2008). The 
hydroxyl radical mediated oxidation divided into two: hydroxyl radical addition and 
hydrogen abstraction (Carp et al., 2004). No matter which pathway is followed, 
oxygenated products will be expected as intermediates/products in PCO reaction. 
1.6.5.2 Operation parameters of PCO 
An increase of UV intensity can enhance PCO efficiency, up to certain optimum 
point. Too high UV intensity will cause a recombination of electron and hole pair and 
waste energy (Carp et al., 2004). Oxygen must be supplied in PCO reaction which 
acts as electron scavenger to inhibit the recombination of electron and hole pair. 
Excess oxygen content will inhibit the adsorption of pollutant at active site because 
the TiOi surface is highly hydroxylated (Braun and Oliveros, 1997). 
Titanium dioxide (TiOi) belongs to the family of transition metal oxide. It is widely 
used as a photocatalyst due to its photochemical stability, low cost and non-toxic 
property (Duxbury, 1993; Hoffmann et al., 1995). An increase in TiOi loading can 
enhance degradation by providing larger surface area and active sites for adsorption 
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and degradation. Excess photocatalyst loading will cause light scattering effect and 
reduction of light penetrating into aqueous solution. The following reactions occur in 
the presence of excess TiOi (Carp et al., 2004): 
•H + 'OH H2O2 (1.16) 
H2O2 + •OH H2O + •HO2 (1.17) 
These reactions end up with the production of hydroperoxyl radical (•HO2) which is 
less reactive than •OH. Declining of photodegradation rate may be resulted. 
1.7 PAH contamination in Hong Kong 
Chung et al. (2007) reported that there were low levels of PAH contamination in soil 
for all land use. They further highlighted the major contributions of PAHs released 
(mainly in four-rings PAHs) were mainly vehicle emissions, petroleum and improper 
disposal of motor oils. Zhang et al. (2006) also carried researches on distribution and 
concentration of PAHs in soil of Hong Kong. The authors confirmed that 
fluoranthene, naphthalene and pyrene were dominant in rural soils while 
fluoranthene, naphthalene and benzo(b + k) fluoranthene were mostly found in urban 
soil. Moreover, the levels of atmospheric PAHs were monitored by Guo et al. (2003) 
which indicated there was seasonal difference in concentrations of atmospheric PAHs. 
In summer, PAHs concentrations are lower due to several possible reasons such as 
easier dispersal of air pollutants, washout effect of precipitation, higher rate of 
photo-degradation. On the other hand, winter PAHs concentration is higher due to 
polluted air mass from Mainland China. In short, monitoring of atmospheric PAHs is 
more important at all as uptake of respirable particulate matter through respiration is 
main entrance route for PAH exposure. 
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2 Objectives 
First of all, photocatalytic reactivity of ten polycyclic aromatic hydrocarbons (PAHs) 
namely naphthalene (2 rings), acenaphthylene (3 rings), phenanthrene (3 rings), 
anthracene (3 rings), pyrene (4 rings), benzo [a] anthracene (4 rings), chrysene (4 
rings), benzo [ajpyrene (5 rings), dibenzo [a,h] anthracene (5 rings) and 
benzo [g,h,i]perylene (6 rings) was studied. 
Second, the effect of acetone on the PCO degradation of selected PAHs was 
determined. 
Third, the possible degradation pathways of naphthalene, acenaphthylene, 
phenanthrene, anthracene, pyrene and benzo [a] anthracene were proposed. In addition, 
the effect of excess acetone on degradation pathways was also performed. Fourth, the 
Microtox® test was carried out to determine detoxifying ability of PCO system 
concerning PAHs and their intermediates. 
Lastly, mixture studies of three PAHs: phenanthrene, anthracene and 
benzo [a] anthracene was carried out. The aim was to investigate the correlation 
between photocatalytic reactivity of these PAHs towards PCO and, water solubility 
and electron distribution over PAH molecules based on individual and mixture study 
of PAHs. 
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3 Materials and methods 
3.1 Chemicals 
Phenanthrene, benzo [a] anthracene and benzo [a]pyrene were purchased from Sigma 
Chemicals (St Louis, MO, USA) while acenaphthylene, pyrene and chrysene were 
from Aldrich (St Louis, MO, USA). Naphthalene, anthracene, dibenzo [a,h]-
anthracene and benzo[g,h,i]perylene were bought from BDH (Poole, England), 
Merck (Darmstadt, Germany), Supelco (Bellefonte, PA, USA) and Acros Organics 
(Geel, Belgium), respectively. For each PAH, a stock solution of 1,000 mg/1 was 
prepared by using acetone as a solvent. All stock solutions of PAHs have been stored 
in refrigerator at The following compounds were used for estimating the 
percentage yield of some intermediates generated during PCO reactions: 
1,4-naphthalenedione, 9,10-phenanthrenedione, 9,10-anthracenedione, benzo [a]-
anthracene-7,12-dione and 1,2-benzenedicarboxaldehyde. The first four compounds 
were purchased from Aldrich (St Louis, MO, USA) while the last one was from 
Sigma (St Louis, MO, USA). 
Titanium dioxide (TiO�）(P25) (Plate 3.1) from Degussa (Frankfurt, Germany) is a 
non-porous mixture of 70% anatase and 30% rutile, with BET surface area of 50 
m /g, a band gap of 3.2 eV (Zhao et al., 2008) and average particle size of 30 nm. 
Also, a stock solution of TiO! in 10,000 mg/1 was prepared by using ultra-pure water 
and is kept in dark. Acetone, dichloromethane and hexane used were in HPLC grade. 
The ultra-pure water used in the experiment was treated by a Millipore Milli-Q 
System (Millipore Corporation, Billerica, MA, USA). 
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Plate 3.1 Appearance of titanium dioxide P25. 
3.2 Photocatalytic reactor 
PCO reaction was conducted in a photocatalytic reactor (Plate 3.2) which consisted 
of two parts: a stainless steel cylinder and a control panel. Inside the cylinder, a 
maximum of eight 15-watts Cole Parmer® UV lamps purchased from Cole-Parmer 
International (Vernon Hills, IL, USA) with emission peak at 365 nm could be placed 
surrounding a pyrex column holding the reaction mixture. Each lamp is separately 
switched on and off so that adjustment of UV intensity could be carried out. During 
PCO process, air was pumped through rubber tubing and glass pipette into the 
reaction mixture to achieve aeration and mixing. Moreover, two ventilation fans were 
installed at the bottom of the reactor to prevent the reactor from overheating. The 
various intensities emitted by UV lamps were measure by a UV radiometer 




Control panel Air pump UV lamps 
(c) (d) 
Holder for pyrex column Ventilation system 
Plate 3.2 The (a, b) outer and inner view (c) top view, (d) bottom part of a 
photocatalytic reactor. 
mW/cm^ and UVC = 0.3 mW/cm^. In order to simulate the penetration of light into 
pyrex column, the sensor was covered by two glass slides during measurement. 
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3.3 Ultrasonic extraction of PAHs 
Standard ultrasonic extraction conditions recommended in Method 3550B of USEPA 
(United States Environmental Protection Agency, 1996b) were modified and adopted 
in this experiment. A Bransonic 2510 ultrasonic cleaner (Danbury, CT, USA) (Plate 
3.3) with a frequency of 42 kHz was modified for ultrasonic extraction. It is based on 
the generation of alternative high and low pressures stages in the sonication bath. 
Bubbles formed during low pressure stage are called cavitation. Soon, bubbles 
collapse during high pressure stage. This phenomenon can enhance penetration of the 
solvent into sample simply by increasing surface contact of sample to solvent. 
Therefore, it can improve extraction efficiency achieving simply by mechanical 
shaking. For testing extraction efficiency of 10 PAHs using ultrasonication, 5 ml 
sample was taken separately from reaction mixtures containing PAHs and TiOz and 
collected in a glass extraction tube. Each of them was extracted by 10 ml hexane for 
testing different time intervals (5, 10, 20, 30 and 40 min). After extraction, PAHs can 
be quantified to determine the best extraction efficiency of using the least time. 
3.4 Quant游cation of PAHs 
Five ml of sample was collected in different time intervals and extracted with 10 ml 
of hexane using ultrasonication. After discarding the aqueous phase, the organic 
phase of sample was concentrated by N-evaporator (Associates Incorporation, Berlin, 
CT, USA) (Plate 3.4) to nearly dryness. Then, the residue was re-suspended in 40 |xl 
acetone, filtered through a 0.45 |im PTFE membrane (Whatman International 
Limited, Maidstone, England) and transferred to a 0.1 ml micro insert (Bellefonte, 
PA, USA) held in a 1.5 ml amber vial with screw cap (Agilent, Woodinville, 
England). The extract was stored at -4°C until analysis. 
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Sample holder 
Plate 3.3 Bransonic 2510 ultn^ . 
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PAHs were quantified by a gas chromatography (GC) (HP6890) equipped with a 
capillary column (HP-5 column, 30 m x 0.32 mm x 0.25 fim) and flame ionization 
detector (FID) with the HP Chemstation software (Hewlett Packard Corporation, 
Palo Alto, CA, USA) (Plate 3.5). The GC-FID conditions modified from Yip et al. 
(2002) were followed. Spiltless (2.0 |il) injection was carried out by an auto-injector 
(HP6890) (Hewlett Packard Corporation, Palo Alto, CA, USA). The injector 
temperature was 250°C. After an isothermal period of 1.5 min at 60°C, the oven 
temperature was increased to 230°C at a rate of 8°C/min and held for 2 min. At last, 
it was further increased to 300°C at a rate of 15°C/min and held for 5 min. 
Quantification of 10 PAHs was based on plotted standard curves obtained by 
measurement of standard solutions. The calculations of removal efficiency (RE) were 
according to the following equation: 
RE(%) = [(Co - Cf)/Co] X 100% (3.1) 
3.5 Photocatalytic reactivity of PAHs 
Light and dark controls were carried out to increase reliability of the results. Light 
controls were conducted without photocatalyst while for dark controls; experiments 
were carried out without UV irradiation. 
In order to test reactivity of PAHs towards PCO, a preliminary test was carried out. 
Ten mg/1 PAHs and 100 mg/1 TiOi was poured into volumetric flask and was made 
up to the mark by adding ultra-pure water. The reaction mixture was mixed 
thoroughly by ultrasonication for 6 min. The pH of the reaction mixture was not 
adjusted before UV irradiation; it was about 5.8 (i.e. unadjusted pH of ultra-pure 
water). The reaction mixture was then poured into a pyrex column and placed inside 
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Plate 3.5 A gas chromatography (GC) (HP6890) equipped with a flame ionization 
detector (FID) (Hewlett Packard Corporation, Palo Alto, CA, USA). 
the photocatalytic reactor. Air is pumped into the reaction mixture for 30 min to 
achieve adsorption equilibrium. Then, 5 ml of sample was taken for measuring initial 
concentration of PAH. Then the column was put back into the reactor to start 
degradation of PAHs by UV irradiation. A few samples were taken at certain time 
intervals (10, 20, 30, 40, 60, 90 and 120 min). After that all samples were extracted 
by following procedures mentioned in Section 3.3. 
3.6 The effect of acetone on performance of PCO 
The effect of acetone on PCO degradation of PAHs was determined by addition of 
extra acetone into the reaction mixture. As the stock solutions of PAHs were prepared 
by dissolving solid powder of PAHs into acetone, therefore, the reaction mixture 
must contain 1% acetone (equal to 1 ml of a total of 100 ml) unavoidably at the 
beginning. Moreover, three more concentrations of acetone were tested: a total of 4%, 
8% and 16% (not applicable to some PAHs). 
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3.7 Identification of intermediates of PAHs 
At various time intervals, 10 ml sample was collected from reactor and transferred 
into glass extraction tube and was successively extracted two times using a total of 
10 ml dichloromethane by shaker (Lab-line 3521) (Bamstead International, Dubuque, 
lA, USA) (Plate 3.6). After discarding the aqueous phase, the organic phase of 
sample was concentrated by N-evaporator (Associates Incorporation, Berlin, CT, 
USA) to nearly dryness. Then, the residue was re-suspended in 40 jil 
dichloromethane, filtered through a 0.45 |im PTFE membrane (Whatman 
International Limited, Maidstone, England) and transferred to a 0.1 mL micro insert 
(Bellefonte, PA, USA) held in a 1.5 ml amber vial with screw cap. The extract was 
stored at -4°C until analysis. 
PAHs and their intermediates were analyzed by a gas chromatography (GC) (HP6890) 
equipped with a capillary column (HP-5 column, 30 m x 0.32 mm x 0.25 i^m) and a 
mass selective detector (MS) (5973N) with the HP Chemstation software (Hewlett 
Packard Corporation, Palo Alto, CA，USA) (Plate 3.7). Spiltless (2.0 fil) injection 
was carried out by an auto-injector (HP7683) (Hewlett Packard Corporation, Palo 
Alto, CA, USA). The injector temperature was 250°C. After an isothermal period of 
1 min at 50°C, the oven temperature was increased to 300°C at a rate of 5°C min"^  
and held for 5 min. The solvent delay was set at 3 min. The scan range was from m/z 
40 to m/z 400 at 2.08 scan s"^ The NIST98 MS library was chosen for species 
identification as a supplement to mass spectral and retention time characteristics. All 
library-matched species exhibited the degree of match better than 80%. 
Lastly, due to the lack of mass spectra available for identifying the intermediates 
from NIST Library, all intermediates of pyrene except 1-hydroxypyrene were found 
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Plate 3.6 A shaker (Lab-line 3521) (Bamstead International, Dubuque, lA，USA). 
一 邏 ^ ^ — 
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Plate 3.7 A gas chromatography (GC) (HP6890) equipped with a mass selective 
detector (MS) (5973N) (Hewlett Packard Corporation, Palo Alto, CA, USA). 
by matching mass spectra with those published in paper. The papers used for 
matching mass spectra with (1) 2,2',6,6'-biphenyltetraaldehyde and (2) 
cyclopenta[def]phenanthrene and 4-oxapyren-5-one were Zeng et al. (2000) and Wen 
et al. (2003) respectively. 
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3.8 Toxicity test 
The Microtox® test was conducted to measure the toxicity changes of PAHs and their 
intermediates/products generated during PCO degradation. The initial sample was 
taken as a reference. Depend on the preliminary results of each PAH; 5 ml samples 
were collected at different time intervals (1, 2, 4, 8, 12, 14, 16 and 24 h). Then, the 
sample was first filtered through glass microfibre filters (GF-C) (Whatman 
International Ltd., Maidstone, England) to remove TiOi particles. Control containing 
1% acetone was carried out and the sample was prepared following the same 
procedures as treatment. The pH of the sample was adjusted to approximately 6 to 8 
by using sodium hydroxide and hydrochloric acid. The samples were kept in 
refrigerator at 4®C until analysis. 
The Microtox® test, a commercially available toxicity test, is based on the use of a 
bioluminescent marine bacteria strain, Vibrio fischeri NRRL B-11177 (formally 
known as Photobacterium phosphoreum) to measure the toxicity of environmental 
samples. This strain is chosen because of high sensitivity towards a wide range of 
toxicant. The bioluminescent bacteria are lyophilized and ready to give a cell 
suspension upon the addition of reconstitution solution. By measuring the decrease 
of fluorescence produced by the bacteria upon exposure to samples containing 
toxicants and compared with that of control, the degree of toxicity of the sample can 
be determined. The higher the toxicity of the samples, the greater is the decrease of 
fluorescence. 
The test was performed by a Microtox® toxicity analyzer (M500) (AZUR 
Environmental, Carlsbad, CA, USA) (Plate 3.8) following the protocols for the basic 
or 100% test, according to the standard operating procedure (AZUR Environmental, 
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Plate 3.8 A Microtox® toxicity analyzer (M500) (AZUR Environmental, Carlsbad, 
CA, USA). 
1998). For a basic test, the bacteria were exposed to four dilutions (45, 22.5, 11.3 and 
5.6%) of the samples. On the other hand, for a 100% test, the bacteria were exposed 
to eight dilutions (90，60, 40, 22.7, 17.8, 11.9, 7.9 and 5.3%) of the samples. The 
Microtox® reagents, reconstitution solutions, osmotic adjusting solution (OAS), 
diluent and cuvettes used were all purchased from AZUR Environmental (Carlsbad, 
CA, USA) (Plate 3.9). A vial of Microtox® regent contains roughly one hundred 
million test organism. Reconstitution solution is specially prepared non-toxic 
distilled water for rehydrating the bacteria. The osmotic adjusting solution is 
specially prepared non-toxic 22% NaCl solution. Lastly, the diluent is specially 
prepared non-toxic 2% NaCl solution and used for sample dilution. 
The results are expressed as EC50 which means the effective concentration of a 
sample causing a 50% decrease in bioluminescence emitted by Vibrio fischeri under 
exposure time of 5 and 15 min and incubation temperature of 15°C. The smaller the 
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Plate 3.9 (Started from left hand side) The diluent, reconstitution solutions, osmotic 
adjusting solution (OAS) and Microtox® reagents (AZUR Environmental, Carlsbad, 
CA, USA). 
EC50, the greater the acute toxicity of sample is. The EC50 was calculated by the 
Microtox® Data Capture and Reporting Program Version 7.82 MTX7 (Microbic 
Corporation, Carlsbad, CA, USA). 
3.9 Study of mixture effect 
Three PAHs have been selected for study effect of mixture of PAHs in PCO 
degradation: phenanthrene (Phe, 3 rings), anthracene (Ant, 3 rings) and 
benzo[a]anthracene (BaA, 4 rings). Both mixtures of 2 PAHs and 3 PAHs were tested 
to examine the reactivity among 3 PAHs. All three combinations of mixture of 2 
PAHs: Phe X Ant, Phe x BaA and Ant x BaA were adopted. As acetone can enhance 
the degradation efficiency of these PAHs, therefore, the reaction suspension of 
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mixture of PAHs should also contain 1% acetone for fair comparison of removal 
efficiency of PAHs in the case of having alone or in mixture. As a result, the 
procedure from Section 3.5 was modified. Firstly, taking Phe and Ant pair as an 
example, two PAHs (a total of 2 ml) were added into a test tube. The acetone inside 
would evaporate away by using N-evaporator (Associates Incorporation, Berlin, CT, 
USA) until only 1 ml PAHs solution left. This solution was then poured into the 
volumetric flask for preparing reaction mixture as usual. 
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4 Results and discussion 
4.1 Quantification of PAHs 
In this study, PAHs were quantified by gas chromatography - flame ionization 
detector (GC-FID). Figures A-1 - A-5 show linear correlations between peak area and 
concentration of PAHs. The R^ value ranged from 0.997 to 1 indicated a high 
linearity between the correlations. Despite of the presence of detection limit in 
GC-FID system, reliable results could be obtained by preconcentration of PAHs 
residues done before analysis. 
4.2 Extraction efficiency of PAHs 
PAHs in the aqueous sample were extracted using ultrasonication. Table 4.1 shows 
the effect of extraction time on extraction efficiency of different PAHs. From the 
results, all PAHs could achieve almost 100% extraction efficiency within 1 h. 
Ultrasonic extraction was used to extract organic pollutants from solid matrix since it , 
can greatly reduce time in extraction process (Sun and Weavers, 2006). The principle 
is that a high pressure generated can effectively enhance contact of solvent with 
adsorbed pollutants inside solid matrix in turn shorten extraction time (Margulies and 
Schwarz, 1985). This method is commonly adopted for solid sample and required the 
use of a specific ultrasonic probe system. Unfortunately, this method was suspected 
to cause sonolytic degradation of PAH in organic extraction solutions (Sun and 
Weavers, 2006). In this study, an ultrasonic cleaner, a common device in laboratory, 
was used instead for extraction PAHs from of aqueous sample. The extraction time 
was shorter than that of conventional liquid-liquid extraction method, but almost 










































































































































































































































































































































































































































































































































































































4.3 Photocatalytic reactivity of PAHs 
The photocatalytic degradations of 10 selected PAHs conducted under the same 
experimental conditions are shown in Figures 4.1-4.5. Naphthalene, acenaphthylene 
and anthracene obtained the highest removal efficiency (RE) and could be completed 
degraded within 30 min. Meanwhile, pyrene, benzo [a] anthracene and 
dibenzo [a,h] anthracene were completely eliminated within 2 h, while phenanthrene, 
chrysene, benzo [a]pyrene and benzo [g,h,i]perylene could be almost completely 
degraded after 2 h UV irradiation. 
PAHs such as naphthalene, acenaphthylene and especially for anthracene showed 
high reactivity over UV irradiation only. Moreover, phenanthrene and pyrene also 
had minor reactivity towards UV irradiation. Anthracene is photolabile PAH relying 
on photooxidation as major pathway for modification in the environment (Katz et al., 
1979; Huang et al., 1993; Mallakin et al., 2000). Upon absorbing sunlight, a PAH 
can be rapidly transformed to a variety of compounds, most of which are oxidation 
products. It was noticed that when naphthalene, acenaphthylene and anthracene were 
completely degraded by PCO, at the time, only 30，10 and 30% RE can be obtained 
by photodegradation, respectively. That means addition of TiOi can greatly enhance 
degradation of PAHs. 
PCO is a process that relies on the generation of reactive hydroxyl radicals (.OH) to 
trigger oxidative degradation. The photocatalyst (titanium dioxide, TiOi) in PCO 
plays an important role since it participates in both adsorption and catalytic process. 
In other words, most target molecules (i.e. PAHs) must be adsorbed onto TiOi 
surface before being attacked by reactive oxygen species (ROSs) (Gimeno et al” 
2007). Photocatalytic reactivity of PAHs can be related to their water solubility (e.g. 
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Figure 4.1 Photocatalytic reactivity of (a) naphthalene and (b) acenaphthylene. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [T iO� ]=100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
Experiment conditions for light and dark controls excluded TiCb addition and UV 
irradiation respectively. Data point and error bar represents the mean and standard 
deviation of triplicates respectively. For each experiment, means with the same letter 
are statistically identical (One-way ANOVA with Tukey test, p<0.05). 
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Figure 4.2 Photocatalytic reactivity of (a) phenanthrene and (b) anthracene. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiO� ]=100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
Experiment conditions for light and dark controls excluded TiO] addition and UV 
irradiation respectively. Data point and error bar represents the mean and standard 
deviation of triplicates respectively. For each experiment, means with the same letter 
are statistically identical (One-way ANOVA with Tukey test, p<0.05). 
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Figure 4.3 Photocatalytic reactivity of (a) pyrene and (b) chrysene. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiO�] = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. Experiment 
conditions for light and dark controls excluded Ti02 addition and UV irradiation 
respectively. Data point and error bar represents the mean and standard deviation of 
triplicates respectively. For each experiment, means with the same letter are 
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Figure 4.4 Photocatalytic reactivity of (a) benzo [a] anthracene and (b) benzo [a] pyrene. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] 二 10 mg/1，[TiO�]=100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
Experiment conditions for light and dark controls excluded TiCh addition and UV 
irradiation respectively. Data point and error bar represents the mean and standard 
deviation of triplicates respectively. For each experiment, means with the same letter 
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Figure 4.5 Photocatalytic reactivity of (a) dibenzo[a,h]anthracene and (b) 
benzo[g,h,i]perylene. Experimental conditions: Reaction mixture: 100 ml, [PAHs]= 
10 mg/1, [Ti02] = 100 mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with 
constant rate. Experiment conditions for light and dark controls excluded TiO� 
addition and UV irradiation respectively. Data point and error bar represents the 
mean and standard deviation of triplicates respectively. For each experiment, means 
with the same letter are statistically identical (One-way ANOVA with Tukey test, 
p<0.05). 
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naphthalene, acenaphthylene and anthracene had the highest photocatalytic 
degradation rate among all 10 tested PAHs) (Figures 4.1-4.2). Besides, the electron 
distribution over PAH molecule has significant effect to determine the reactive 
positions of the molecule (Lundstedt, 2003). The effect of electron distribution on 
photocatalytic degradation of PAHs can be observed in the degradation of 
phenanthrene (Phe) and anthracene (Ant) (Fig 4.6), despite the fact that Phe has 
higher water solubility, Ant was degraded faster than Phe. Both of them are 
three-rings PAHs having the same molecular weight, the difference lies only in the 
arrangement of aromatic rings - Ant is linear while Phe is angular in structure which 
determines PCO reactivity of these two PAHs. 
Dewar's reactivity number, Nu, one of many reactivity indices, reflects the 
localization energy and hence reactivity of a particular position of PAHs (Dewar, 
1952). The smaller the Nu value, the lower the activation energy required, hence the 
higher the reactivity resulted. Figure 4.7 shows Nu value of phenanthrene (Phe), 
anthracene (Ant), chrysene (Chr) and benzo [a] anthracene (BaA). Both Phe and Ant 
preferably react at and position (indicated by red circles) (Lundstedt, 2003). 
However, the position of Ant has lower Nu value than that of Phe. That is why higher 
photocatalytic reactivity of Ant was observed. This result agrees with the previous 
study suggested that extra stabilization was provided to the intermediate formed upon 
attack at and position by interacting with adjacent delocalization systems 
(Lloyd, D. 1989). Similar explanation can be applied to another pair of PAHs with 
same molecular weight i.e. Chr and BaA. Due to higher water solubility and lower 
Nu value, BaA could be degraded at faster rate than Chr. 
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Figure 4.6 Comparison of photocatalytic reactivity of (a) phenanthrene and 
anthracene and (b) chrysene and benzo[a]anthracene. Experimental conditions: 
reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiOs] = 100 mg/1, UV-A intensity = 3.9 
mW/cm^ and aeration supply with constant rate. Data point and error bar represents 
the mean and standard deviation of triplicates respectively. For each experiment, 







Figure 4.7 Dewar's number of (a) phenanthrene, (b) anthracene, (c) chrysene and (d) 
benzo[a]anthracene (Dewar, 1952). 
4.4 The effect of acetone on performance of PCO 
For naphthalene and acenaphthylene, the effect of acetone was not so obvious since 
they had relatively high water solubility (Figure 4.8). Recently, acetone has been 
found to improve enzymatic action of the enzyme manganese peroxidase (MnP) on 
degrading PAHs (Eibes et al., 2005; Eibes et al” 2006). The reason for the 
improvement was that acetone, a water miscible organic solvent, helps to increase the 
bioavailability of PAHs by enhancing their water solubility (Kotterman et al., 1994; 
Field et al” 1996). In the case of PCO, they can more readily contact with 
photocatalyst to trigger degradation. A time point (40-60% RE obtained at 1% 
acetone) was chosen to examine the improvement of addition of acetone on PCO 
degradation. For PAHs such as phenanthrene (Phe), anthracene (Ant), pyrene (Pyr), 
benzo [a] anthracene (BaA) and benzo [a] pyrene (BaP), the improvement on PCO 
degradation was the greatest among all PAHs (Figures 4.9-4.13 and Table 4.2)， 
especially for Pyr and BaA. For these PAHs, RE increased significantly with 
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Figure 4.8 The effect of acetone level on photocatalytic degradation of (a) 
naphthalene and (b) acenaphthylene. Experimental conditions: Reaction mixture: 100 
ml, [PAHs] = 10 mg/1, [TiOs] = 100 mg/1, UV-A intensity = 3.9 mW/cm^and aeration 
supply with constant rate. Data point and error bar represents the mean and standard 
deviation of triplicates respectively. For each acetone level, means with the same 
letter are statistically identical (One-way ANOVA with Tukey test, p<0.05). 
53 
(a) 
de e e i��_ ^ ^ ^ ^ 
20 - a k y 1% acetone 
a ///J_ 4% acetone 
a 1 / 8% acetone 
0_ Y 16% acetone 
— I 1 1 1 1 1 1— 
0 20 40 60 80 100 120 
Irradiation time (min) 
(b) 
100 - c 
茨 80-^ / 





1 1 1 1 1 1 1 1 1 
0 2 4 6 8 10 12 14 16 
Acetone level (%) 
Figure 4.9 The effect of acetone level on photocatalytic degradation of phenanthrene 
by UV irradiation; (a) for 120 min period and (b) for 40 min only. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiCh] = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. Data point represents 
the mean and error bar represents the standard deviation of triplicates. Means with 
the same letter are statistically identical (One-way ANOVA with Tukey test, p<0.05); 
Comparisons of data: (a) within one acetone level and (b) between acetone levels. 
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Figure 4.10 The effect of acetone level on photocatalytic degradation of anthracene 
by UV irradiation; (a) for 120 min period and (b) for 10 min only. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiCy = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^and aeration supply with constant rate. Data point represents 
the mean and error bar represents the standard deviation of triplicates. Means with 
the same letter are statistically identical (One-way ANOVA with Tukey test, p<0.05); 
Comparisons of data: (a) within one acetone level and (b) between acetone levels. 
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Figure 4.11 The effect of acetone level on photocatalytic degradation of pyrene by 
UV irradiation; (a) for 120 min period and (b) for 30 min only. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiCy = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. Data point represents 
the mean and error bar represents the standard deviation of triplicates. Means with 
the same letter are statistically identical (One-way ANOVA with Tukey test, p<0.05); 
Comparisons of data: (a) within one acetone level and (b) between acetone levels. 
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Figure 4.12 The effect of acetone level on photocatalytic degradation of 
benzo[a]anthracene by UV irradiation; (a) for 120 min period and (b) for 20 min only. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiCb] = 100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One-way ANOVA 
with Tukey test, p<0.05); Comparisons of data: (a) within one acetone level and (b) 
between acetone levels. 
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Figure 4.13 The effect of acetone level on photocatalytic degradation of 
benzo [a] pyrene by UV irradiation; (a) for 120 min period and (b) for 20 min only. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiO�] = 100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One-way ANOVA 
with Tukey test, p<0.05); Comparisons of data: (a) within one acetone level and (b) 
between acetone levels. 
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Table 4.2 Improvement on removal efficiency of PAHs upon addition of acetone. 
Acetone level achieving 
PAHs Time point (min) RE (%) at 1% acetone . , “ � 
the highest RE (%) 
Phe 40 50 8% acetone + 85% 
Ant 10 55 8% acetone -> 90% 
Pyr 30 40 16% acetone >95% 
BaA 20 40 16% acetone >95% 
BaP ^ ^ 16% acetone 90% 
increasing concentration of acetone added, but the enhancement diminished at higher 
acetone concentrations and finally became constant (confirmed by running statistics). 
It was because that water solubility of PAHs was no longer a limiting factor, other 
factors such as concentration of photocatalyst and intensity of UV irradiation became 
significant in determining PAH photocatalytic degradation rate. 
However, for unknown reason(s), it was observed that acetone had a negative effect 
on the photocatalytic degradation of Chr, DBA and ghi in this experiment (Figures 
4.14-4.15). Pera-Titus et al. (2004) claimed that ROSs oxidize almost all organic 
compounds to carbon dioxide and water, except for some of the simplest organic 
compounds such as acetone. That means acetone was supposed not to take part in 
PCO reaction which consumed ROSs and interfered with the results. On the other 
hand, Caralp et al. (2006) claimed that there were two main reactions concerning 
acetone and hydroxyl radicals (•OH): 
•OH + CH3C(0)CH3 + •CH3C(0)CH2 + H2O (4.1) 
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Figure 4.14 The effect of acetone level on photocatalytic degradation of (a) chrysene 
and (b) dibenzo[a，h]anthracene. Experimental conditions: Reaction mixture: 100 ml, 
[PAHs] = 10 mg/1, [Ti02] = 100 mg/1, UV-A intensity 二 3.9 mW/cm^ and aeration 
supply with constant rate. Data point represents the mean and error bar represents the 
standard deviation of triplicates. For each acetone level, means with the same letter 
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Figure 4.15 The effect of acetone level on photocatalytic degradation of 
benzo[g,h,i]perylene. Experimental conditions: Reaction mixture: 100 ml, [PAHs]= 
10 mg/1, [Ti02] = 100 mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with 
constant rate. Data point represents the mean and error bar represents the standard 
deviation of triplicates. For each acetone level, means with the same letter are 
statistically identical (One-way ANOVA with Tukey test, p<0.05). 
Water and acetonyl radical are generated due to withdrawal of one hydrogen atom 
(Equation 4.1). On the other hand, acetic acid is produced by eliminating a methyl 
group (Equation 4.2). Some studies have experimentally proved that production of 
acetic acid is negligible (Equation 4.2) and the major pathway for reaction between 
acetone and •OH is Equation 4.1, i.e. production of acetonyl radicals (Talukdar et al., 
2003; Turpin et al, 2003). Thus, generation of acetonyl radicals may help to attack 
PAHs which enhanced PCO degradation in the presence of acetone. However, further 
study is needed to confirm mechanism(s) to produce both positive and negative 
effects of addition acetone on photocatalytic degradation of PAHs. 
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4.5 Identification of intermediates 
In this study, for each PAH, an abundance of intermediates measured by GCMS was 
recorded to obtain a general trend of intermediates produced with time. The 
percentage yield of some intermediates of selected PAHs is shown in Table A-1 as a 
reference. Except for Ant, higher yields of selected intermediates of 4 PAHs, 
especially 1,2-benzenedicarboxaldehyde produced during PCO degradation of 
benzo [a] anthracene (10 times more) were resulted in high acetone level. This may 
indicate that there was an accumulation of intermediates during PCO reaction of high 
acetone level. The maximum yield of intermediates can be up to 40%, in the case of 
PCO degradation of anthracene. 
4.5.1 PCO degradation of naphthalene 
The rate of naphthalene (Nap) (no. 1) degradation was not changed regardless of the 
acetone level (Figure 4.16). However, higher concentrations and more types of 
intermediates were found in high acetone level (Table 4.3). In low acetone level, 
three intermediates: 1,2-benzenedicarboxaldehyde (no. 2), 2H-1 -benzopyran-2-one 
(commonly named as coumarin) (no. 3) and 1,4-naphthalenedione (no. 4) were 
detected, shown in Figure 4.16. On the other hand, a more complete degradation 
profile was obtained in high acetone level. Figure 4.16 shows the peak areas of 
intermediates and the removal of parental compound against irradiation time which 
would be useful in representing the abundance of intermediates and possible 
degradation pathway of Nap (Figure 4.17). 1-naphthalenol (no. 5) was rapidly 
generated by hydroxylation after irradiation for 2.5 min. It was likely replaced by 
1,4-naphthalenedione through further oxidation as the decrease of abundance of 
1-naphthalenol was followed by the increase of abundance of 1,4-naphthalenedione 
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Fig 4.16 The peak areas of intermediates produced during PCO of naphthalene under 
reaction condition with (a) 1% acetone and (b) 16% acetone. The maximum yields of 
two intermediates produced during PCO reaction were shown. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiOs] = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.3 The information of naphthalene and their intermediates produced during 
PCO degradation identified by GC-MS. 
Retention time Empirical 
No. . Name Remarks 
(mm) formula 
1 13.3 CioHg naphthalene (Nap, parental compound) a,b 
2 14.9 C8H6O2 1,2-benzenedicarboxaldehyde a,b 
3 19.1 C9H6O2 2H-1 -benzopyran-2-one a,b 
4 19.3 C10H6O2 1,4-naphthalenedione a,b 
5 22.0 CwHgO 1-naphthalenol b 
6 22.6 CiqHsOs 1,4-naphthalenedione, 2-hydroxy- b 
a: the intermediate identified under reaction condition with 1% acetone, 
b: the intermediate identified under reaction condition with 16% acetone. 
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Figure 4.17 Proposed degradation pathway of naphthalene. The information of each 
compound can be referred to Table 4.3 by checking the no. assigned on the left hand 
side of their structures. 
addition of two •OH on the and position of naphthalene contributing to a 
naphthohydroquinone, which was then oxidized to a quinine (Figure 4.17) (Soana et 
al., 2000; Lair et al； 2008)，and (2) oxidation of naphthalene by positive hole (h+) 
generated on photocatalyst to become a cation radical, then react with superoxide 
radical to form a peroxide and finally formed a quinone (Theurich et al., 1997; 
Pramauro et al” 1998; Soana et al, 2000; Lair et al” 2008). At the time, 
],4-naphthalenedione, 2-hyciroxy- (no. 6) was built up to a maximum level at 30 min 
and was completely degraded within 3 h (Figure 4.16). Moreover, 
2H-1 -benzopyran-2-one and 1,2-beiizenedicarboxaldehyde were also found. The 
former one was produced in a different pathway than 1,4-naphthalenedione: at first, 
ring cleavage of naphthalene happened by attacked, most likely, •OH. After that, 
decarboxylation and oxidation occurred to form 2H-1 -beiizopyran-2-one (Patnaik, 
1992; Pinyakong et al., 2000). The latter one was possibly derived from further 
oxidation of 1,4-naphthalenedione and 1,4-naphthalenedione, 2-hydroxy- by ring 
cleavage. 
PCO is a process that mainly relies on the generation of reactive -OH to trigger 
oxidative degradation. Other reactive species such as superoxide radical anions 
( • O2') and h+ on TiOi molecule formed upon irradiation are also attributed to the 
formation of detected intermediates. The electron distribution over PAH molecule is 
significant to determine the reactive positions of the molecule that may be attacked in 
the PCO reaction (Lundstedt, 2003). Dewar ’s reactivity number, Nu, one of reactivity 
indices, reflects the localization energy and hence reactivity of a particular position 
of PAHs (Dewar, 1952). The smaller the Nu value, the lower the activation energy 
required, hence the higher the reactivity resulted. Figure 4.18 shows the Nu values of 
positions on PAH molecules. For Nap, the Nu value of the position is smaller than 
that of the position, which means position 1 is more easily attacked by reactive 
oxygen species (Figure 4.18). In this study, only 1 -naphthalenol was found, however, 
in a similar study conducted by Lair et al. (2008), both types of naphthols were 
detected, but mainly 1-naphthalenol was found. Therefore, it was proven that to a 
particular position, reactivity is correlated to the localization energy. 
1,4-naphthalenedione (no. 4), 1-naphthalenol (no. 5) and 1,4-naphthalenedione, 
2-hydroxy- (no. 6) were detected in an abundant amount within the first 30 min while 
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Figure 4.18 (a) Numbering of carbon atoms and (b) Dewar's number of naphthalene 
(Dewar, 1952). 
in the latter irradiation period, 1,2-benzenedicarboxaldehyde (no. 2) was 
accumulated gradually. Lair et al. (2008) also reported that intermediates no. 2, 4 and 
5 had moderate abundance, however, the most abundant intermediate, 2-formyl-
cinamaldehyde was reported by this author, but could not be found in this study. 
4.5.2 PCO degradation of acenaphthylene 
In either low or high acetone level, the intermediates of acenaphthylene (no. 7) 
identified were almost the same, with an exception of 1-acenaphthenol (no. 9) can be 
found under ordinary PCO reaction only (Figure 4.19 and Table 4.4). Besides, under 
high acetone level, the most abundant intermediate, the amount of acenaphthenone 
(no. 8) was three times more than in ordinary PCO reaction (Figure 4.19). 
1-acenaphthenol can be detected within the first 10 min of PCO reaction. After that, 
the amount of acenaphthenone produced continued to increase until complete 
degradation of parental compound. After further oxidation, 1,2-acenaphthylenedione 
(no. 10) was formed. It was suspected that this intermediate underwent a C-C bond 
cleavage which gave rise to a theoretical intermediate, naphthalene-1,8-
dicarbaldehyde (no. 12). This compound was then converted into lH,3H-naphtho 
-(1,8-cd) -pyran-1- one (no. 11) through dehydration, and to 1,8-naphthalic anhydride 
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Figure 4.19 The peak areas of intermediates produced during PCO of acenaphthylene 
under reaction condition with (a) 1% acetone and (b) 16% acetone. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiOs] = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.4 The information of acenaphthylene and their intermediates produced 
during PCO degradation identified by GC-MS. 
Retention time Empirical 
No. , . � ^ Name Remarks 
(mm) formula 
7 20.4 CnHg acenaphthylene (Ace, parental compound) a,b 
8 25.4 CnHgO acenaphthenone a,b 
9 25.5 C12H10O 1-acenaphthenol a 
10 29.9 C12H6O2 1,2-acenaphthylenedione a,b 
11 30.2 CnHgOi 1 H,3H-naphtho( 1,8-cd)pyran-1 -one a,b 
1 2 33.0 C12H6O3 1,8-naphthalic anhydride a,b 
a: the intermediate identified under reaction condition with 1% acetone. 
b: the intermediate identified under reaction condition with 16% acetone. 
through further oxidation. The proposed degradation pathway is shown in Figure 
4.20. 
Besides acenaphthenone, four more intermediates were detected as all of them were 
generated from the reaction at the unsaturated bond of the cyclopentaflised ring of 
acenaphthylene. Although Dewar (1952) has not mentioned the reactive sites of 
acenaphthylene, both Klamt (1993) and Reisen and Arey (2002) agreed that 
unsaturated bond of the cyclopentafused ring (i.e. and position shown in 
Figure 4.21 of acenaphthylene was the major reactive site. In addition，Reisen and 
Arey (2002) have further studied reactions of •OH with acenaphthene (Acp) (with 
saturated bond of the cyclopentafused ring) and acenaphthylene (Ace) (with 
unsaturated bond of the cyclopentafused ring). Their results showed that addition 
of •OH to the six-membered aromatic rings was the major pathway of degradation of 
Acp while for Ace, reaction occurred at unsaturated bond of the cyclopentafused ring. 
In their study, some intermediates of Ace produced from the reaction with aromatic 
rings were found, however, none of them can be detected in this study. 
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Figure 4.20 Proposed degradation pathway of acenaphthylene. The information of 
each compound can be referred to Table 4.4 by checking the no. assigned on the left 
hand side of their structures. 
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Figure 4.21 Numbering of carbon atoms of acenaphthylene (Dewar, 1952). 
4.5.3 PCO degradation of phenanthrene 
The same degradation rate of phenanthrene (Phe) (no. 13) was recorded regardless of 
acetone level (Figure 4.22). However, the same type but with a much higher 
concentration of intermediates were found in high acetone level (Table 4.5). Figure 
4.23 indicated a more clear degradation pathway of Phe. Hydroxylation of Phe 
occurred, leading to the formation of 9-phenanthrenol (no. 16). This compound could 
then undergo further oxidation and produce (1) 9,10-phenanthrenedione (no. 17) and 
(2) (1,1 '-biphenyl)-2,2'-dicarboxaldehyde (no. 14), a common intermediate of 
ozonation (Perraudin et al., 2007) and photolysis (Barbas et al., 1996). At last, no. 17 
could be oxidized into benzocoumarin (no. 15)，this pathway was consistent with that 
proposed by Barbas et al. (1996) and Higashida et al. (2006). 
All intermediates found were derived from reactions of •OH attacking at the 
and/or the position of Phe. The Nu values of the and IQth position are a bit 
lower than that of other positions (Figure 4.24). This indicated that most reactions 
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Figure 4.22 The peak areas of intermediates produced during PCO of phenanthrene 
under reaction condition with (a) 1% acetone and (b) 16% acetone. The maximum 
yields of 9,10-phenanthrenedione produced during PCO reaction were shown. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiO�] = 100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.5 The information of phenanthrene and their intermediates produced during 
PCO degradation identified by GC-MS. 
Retention time Empirical 
No. , . \ p , Name Remarks 
(mm) formula 
13 28.2 ChHio phenanthrene (Phe, parental compound) a,b 
14 29.9 C14H10O2 (1,1 '-biphenyl)-2,2'-dicarboxaldehyde a，b 
15 31.4 CisHgOi benzocoumarin a,b 
16 34.8 C14H10O 9-phenanthrenol a,b 
1 7 35.7 C hHsOz 9,10-phenanthrenedione a,b 
a: the intermediate identified under reaction condition with 1% acetone. 
b: the intermediate identified under reaction condition with 16% acetone. 
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Figure 4.23 Proposed degradation pathway of phenanthrene. The information of each 
compound can be referred to Table 4.5 by checking the no. assigned on the left hand 
side of their structures. 
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Figure 4.24 (a) Numbering of carbon atoms and (b) Dewar's number of phenanthrene 
(Dewar, 1952). 
take place at these two positions. A simple reason would be better arrangement of 
electrons over aromatic rings resulted upon attack. This modified form can gain an 
extra stabilization by providing two peripheral delocalized sextets of electrons 
(Lloyd, 1989). 
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4.5.4 PCO degradation of anthracene 
When large amount of acetone was added into the PCO system, the degradation 
pathway of anthracene (no. 19) was mildly changed (Figure 4.25). There were not 
any 9,10-anthracenedione, 2-hydroxy- (no. 25) that could be detected, but a new 
intermediate named 9( 1 OH)-anthracenone, 1,8-dihydroxy- (no. 23) (Table 4.6) was 
found. Besides, there was a shift of time profile of intermediates production to the 
left hand side, i.e. faster production of intermediates found (Figure 4.25). In both 
PCO systems, it seemed that the production trend of the major intermediate, 
9,10-anthracenedione (no. 21), was related to the time of complete degradation of the 
parent PAH. Its amount increased up to the time point for complete degradation of 
anthracene, after that, it continued to decrease and finally degraded. From Figure 
4.25, the rate of anthracene degradation was faster in a high acetone level (shorter 
irradiation time for complete degradation: 40 10 min), that of lower acetone level. 
Thus, in a high acetone level, 9,10-anthracenedione peaked at 10 min, which was 
much rapid than that in a low acetone level (at 40 min), therefore resulting in a faster 
production of next-step intermediates. 
Under low acetone level, anthrone (no. 20) was quickly produced to a high level at 
10 min. It was then followed by the production of 9,10-anthracenedione through 
further oxidation. After that, addition of a hydroxyl group on the or position of 
anthracene (Ant) was found, with higher preference of the former one. Meanwhile, 
further hydroxylation of 9,10-anthracenedione, 1-hydroxy- (no. 22) was detected to 
form 9,10-anthracenedione, 1,4-dihydroxy- (no. 24). Lastly, the 1,2-benzenedicarbo-
xaldehyde (no. 18) found indicated that the ring-opening reaction happened during 
PCO reaction of anthracene. The degradation pathway is shown in Figure 4.26. 
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Figure 4.25 The peak areas of intermediates produced during PCO of anthracene 
under reaction condition with (a) 1% acetone and (b) 16% acetone. The maximum 
yields of two intermediates produced during PCO reaction were shown. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiOs] = 100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.6 The information of anthracene and their intermediates produced during 
PCO degradation identified by GC-MS. 
Retention time Empirical 
No. ^ Name Remarks 
(mm) formula 
18 14.9 C8H6O2 1,2-benzenedicarboxaldehyde a,b 
19 28.1 C14H10 anthracene (Ant, parental compound) a,b 
20 31.4 C14H10O anthrone a,b 
21 31.9 CnHgOi 9,10-anthracenedione a,b 
22 33.8 CuHgOs 9,10-anthracenedione, 1-hydroxy- a,b 
23 34.6 C14H10O3 9(10H)-anthracenone, 1,8-dihydroxy- b 
24 35.9 C14H8O4 9,10-anthracenedione, 1,4-dihydroxy- a,b 
2 5 39.2 CnHgOs 9,10-anthracenedione, 2-hydroxy- a 
a: the intermediate identified under reaction condition with 1% acetone. 
b: the intermediate identified under reaction condition with 16% acetone. 
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Figure 4.26 Proposed degradation pathway of anthracene. The information of each 
compound can be referred to Table 4.6 by checking the no. assigned on the left hand 
side of their structures. 
No doubt that the Nu values for the positions of PAH molecules (Figure 4.27) can 
th th 
help us to explain the degradation pathway of Ant. The 9 and 10 position are 
preferentially attacked, which caused the 9,10-anthracenedione to be the most 
abundant intermediate as extra stabilization was gained for the intermediate formed 
upon attack at the and position by interacting with adjacent delocalization 
systems (Figure 4.27) (Lloyd, 1989). Ozonation, a chemical oxidation, shared some 
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(a) (b) 
8 9 1 1.57 1.26 
Figure 4.27 (a) Numbering of carbon atoms and (b) Dewar's number of anthracene 
(Dewar, 1952). 
similarity with PCO reaction in that ozone reacts with PAHs by either substitution or 
ring opening. Yao et al (1998a) agreed that the location of ozone attack is correlated 
with the lowest atom or bond localization energies of the target compound. Thus, 
9,10-anthracenedione was also a common ozonation intermediate (Mmereki et al., 
2004; Kwamena et al., 2006; Perraudin et al., 2007). For the same reason, it was 
identified as an intermediate of photolysis of Ant with oxygen supply (Behymer and 
Hytes, 1985; Dabestani et al., 1995; Mallakin et al, 2000). Hydroxylation on the 
position was also preferred because of a smaller Nu. Higher concentration of 
9,10-anthracenedione, 1-hydroxy- detected was the best evidence of this finding. 
4.5.5 PCO degradation of benzo [a] anthracene 
Higher concentrations of the same intermediates resulted mainly in high acetone 
levels, shown in Figure 4.28 and Table 4.7. Benzo [a] anthracene (BaA) (no. 29) 
degraded the fastest (90 今 30 min). The degradation pathway started by an attack of 
the •OH at the and position of BaA to form benzo[a]anthracene-7,12-dione 
(no. 30) (Figure 4.29). Afterwards, a bond attack that occurred caused a cleavage of a 
ketone bond, leading to a formation of lower molecular weight compounds: 
1,2-benzene- dicarboxaldehyde (no. 26), 2H-1 -benzopyran-2-one (27) and 
1,4-naphthalenedione, 2-hydroxy- (no. 28) (Figure 4.29). As mentioned before, 
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—1,4-Naphthalenedione, 2-hydroxy-
Benz[a]anthracene-7,12-clione 
Figure 4.28 The peak areas of intermediates produced during PCO of benzo [a]-
anthracene under reaction condition with (a) 1% acetone and (b) 16% acetone. The 
maximum yields of two intermediates produced during PCO reaction were shown. 
Experimental conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiOs] = 100 
mg/1, UV-A intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.7 The information of benzo [a] anthracene and their intermediates produced 
during PCO degradation identified by GC-MS. 
Retention time Empirical 
No. ^ Name Remarks 
(mm) formula 
26 14.9 CgHsO! 1,2-benzenedicarboxaldehyde a,b 
27 19.1 C9H6O2 2H-1 -benzopyran-2-one a,b 
28 22.6 C10H6O3 1,4-naphthalenedione, 2-hydroxy- a,b 
… benzo fa] anthracene 
29 40.3 C18H12 L J a,b 
(BaA, parental compound) 
3 0 42.4 CigHipOi benzo [a] anthracene-7,12-dione a，b 
a: the intermediate identified under reaction condition with 1% acetone. 
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Figure 4.29 Proposed degradation pathway of benzo [a]anthracene. The information 
of each compound can be referred to Table 4.7 by checking the no. assigned on the 
left hand side of their structures. 
similar intermediates can be found in ozonation and PCO reactions. In a study of Yao 
et al. (1998a), two types of ozonation intermediates were detected: (1) 
phenyl-naphthyl type (bond attack at the and position) and (2) quinone type 
(atom attack at the and position). Yao et al. (1998a) agreed that the location 
of the ozone attack was related to the lowest atomic- and bond-localization energies 
of the compound. The Nu values of the and position were the lowest among 
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Figure 4.30 (a) Numbering of carbon atoms and (b) Dewar's number of 
benzo [a] anthracene (Dewar, 1952). 
7,12-dione, can be observed here. Yao et al. (1998a) also found that the bond-attack 
type reaction occurred at the bond between the 5(卜 and position because of its 
lowest energy and therefore, resulted in ring cleavage. Likewise, these two positions 
have the second lowest Nu value, where they can possibly be attacked. Nevertheless, 
type (1) intermediates cannot be found in this study. 
4.5.6 PCO degradation of pyrene 
Again, same types of intermediates but of higher concentration of some 
intermediates were resulted in a high acetone level (Figure 4.31 and Table 4.8). 
Pyrene (Pyr) (no. 32) was degraded much faster (90 今 20 min). It was rather hard to 
deduce a degradation pathway of pyrene since only four intermediates have been 
found in PCO degradation of pyrene. Fortunately, according to a similar research 
conduced, the degradation pathway may start by first attack of •OH to form 
4,5-phenanthrenedialdehyde (not found in our study) and further attack of •OH to 
form 4-oxapyren-5-one (no. 34) (Yao et al., 1998b; Wen et al., 2003). Concerning 
about results obtained by Zeng et al. (2000), 4,5-phenanthrenedialdehyde and 
2,2',6,6'-biphenyltetraaldehyde (no. 33) were the major intermediates of ozonation. 
The latter intermediate was believed to be derived from further ring-opening of 
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Figure 4.31 The peak areas of intermediates produced during PCO of pyrene under 
reaction condition with (a) 1% acetone and (b) 16% acetone. Experimental 
conditions: Reaction mixture: 100 ml, [PAHs] = 10 mg/1, [TiCy = 100 mg/1, UV-A 
intensity = 3.9 mW/cm^ and aeration supply with constant rate. 
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Table 4.8 The information of pyrene and their intermediates produced during PCO 
degradation identified by GC-MS. 
Retention time Empirical 
No. Name Remarks 
(min) formula 
31 33.1 CisHgO cyclopenta[def]phenanthrene a,b 
32 34.5 CieHio Pyrene (Pyr, parental compound) a,b 
33 37.0 C16H10O4 2,2' ,6,6' -biphenyltetraaldehyde a,b 
34 37.4 C15H8O2 4-oxapyren-5-one a,b 
3 5 40.6 C16H10O 1-hydroxypyrene a,b 
a: the intermediate identified under reaction condition with 1% acetone. 
b: the intermediate identified under reaction condition with 16% acetone. 
pathway that is to form cyclopenta[def]phenanthrene (no. 31) in the first place. 
Therefore, these intermediates formed indicated that several processes such as 
hydroxylation, ketolysis and ring-opening reaction had happened. Together with 
1-hydroxypyrene (no. 35) found, a possible degradation pathway is shown in Figure 
4.32. Compared to other PAHs, no quinone of pyrene can be found. In a similar study 
conducted by Wen et al. (2003), 1,6 or 1,8-pyrenediones were reported. Pyrene is 
symmetrical PAH, it is noticed that the Nu values of all positions except (the and 
7th position) were the lowest (Figure 4.33). Therefore, •OH attacked is not found at 
the 2th and 7th position of pyrene in this study. 
4.6 Toxicity test 
Organic compounds can be completely degraded and detoxified into harmless 
compounds (theoretically, carbon dioxide and water) by photocatalytic oxidation 
(PCO) (Ollis et al., 1989; Shen and Ku, 1995; Vidal, 1998). The Microtox® test can 
be used for assessing acute toxicity of PAHs and their intermediates/degradation 
products in order to investigate whether PAHs can be completely detoxified or not by 
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Figure 4.32 Proposed degradation pathway of pyrene. Note: The compound in 
bracket is theoretical intermediate called 4,5-phenanthrenedialdehyde. The 
information of each compound can be referred to Table 4.8 by checking the no. 
assigned on the left hand side of their structures. 
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Figure 4.33 (a) Numbering of carbon atoms and (b) Dewar，s number of pyrene 
(Dewar, 1952). 
test or 100% test were performed. From Tables 4.9-4.12, results were presented as 
EC50 determined at two exposure times (5 and 15 min) with a 95% confidence 
interval range. The higher the EC50, the lower the acute toxicity was. Also, the 
smaller 95% confidence range indicated better quality data than of higher 95% 
confidence range. 
Since the reaction mixture contained 1% acetone from a stock solution of PAHs, a 
control experiment consisting of 1% acetone was conducted in order to monitor acute 
81 
一 一 一 一 一 一 一 一 一 一 一 一 一 一——————————————————————一 一 一 一 一 
Table 4.9 Results of the Microtox® test samples obtained after PCO degradation of (a) 
1% acetone only and (b) naphthalene and (c) acenaphthylene. 
� 
1% acetone only (control) 
Irradiation time (h) EC50 - 5 min (%) EC50 - 15 min (%) 
"O >100 
1 69.14 (57.26 - 83.49) 33.70 (32.77 - 34.66) 
2 36.91 (34.81 - 39.13) 17.86 (16.05 - 19.88) 
4 47.32 (45.08 - 49.67) 25.19 (21.27 - 29.83) 
8 27.75 (24.37 - 31.59) 15.47 (13.29 - 18.02) 
12 21.67 (21.08 - 22.28) 13.22 (12.37 - 14.14) 
14 28.97 (28.91 - 29.02) 19.22 (18.44 - 20.02) 
16 42.30 (37.89 - 47.22) 28.31 (25.37 - 31.60) 
24' >100 >100 
(b) 
Naphthalene 
Irradiation time (h) EC5Q - 5 min (%) EC50 - 15 min (%) 
1 52.12 (39.00 - 69.66) 28.75 (25.85 - 31.98) 
2 36.34 (33.57 - 39.33) 17.72 (16.66 - 18.86) 
4 31.23 (30.21 - 32.29) 16.08 (15.16 - 17.05) 
8 22.78 (22.04 - 23.55) 13.06 (12.34 - 13.83) 
12 22.99 (14.37 - 36.79) 12.54 (10.10 - 15.57) 
14 46.94 (45.32 - 48.60) 27.12 (26.62 - 27.62) 
16 85.71 (72.83 - 100.86) 52.08 (48.40 - 56.04) 
(c) 
Acenaphthylene 
Irradiation time (h) EC5Q - 5 min (%) EC5Q - 15 min (%) 
"O^ 12.76(10.25 - 15.89) 15.64(14.13 - 17.31) 
1 31.59 (27.33 - 36.53) 16.64 (16.54 - 16.73) 
2 17.95 (16.88 - 19.09) 11.08 (10.28 - 11.95) 
4 19.94 (16.83 - 23.62) 11.30 (9.21 - 13.87) 
8 16.13 (15.03 - 17.32) 10.49 (10.19 - 10.80) 
12 19.68 (18.98 - 20.41) 12.79 (12.65 - 12.92) 
14 16.77 (15.45 - 18.21) 12.10 (10.82 - 13.52) 
16 42.54 (40.62 - 44.55) 29.86 (28.34 - 31.46) 
24' >100 
Data in parenthesis represented 95% confidence range for EC50 values. 
EC50 >100 represented non-detectable EC50. 
a Samples were tested using basic test. For the rest, 100% test was performed. 
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Table 4.10 Results of the Microtox® test samples obtained after PCO degradation of 
(d) phenanthrene, (e) anthracene and (f) pyrene. 
(d) 
Phenanthrene 
Irradiation time (h) _ EC50 - 5 min (%) EC50 - 15 min (%) 
"O^ 30.67 (24.41 - 38.54) 32.80 (26.54 - 40.53) 
1 25.13 (21.62 - 29.20) 14.09 (12.58 - 15.78) 
2 24.28 (23.98 - 24.59) 12.75 (11.02 - 14.77) 
4 26.89 (22.66-31.90) 15.10(14.65 - 15.56) 
8 29.87 (25.59 - 34.86) 13.70 (11.62 - 16.16) 
12 32.51 (30.08 - 35.14) 16.46 (15.92 - 17.03) 
14 31.68 (29.78 - 33.69) 17.32 (15.56 - 19.29) 
16 43.36 (41.48 - 45.33) 26.96 (25.27 - 28.76) 
24 >100 >100 
(e) 
Anthracene 
Irradiation time (h) 一 EC5Q - 5 min (%) EC50 - 15 min (%) 
~ >Too 
r 16.79 (6.30 - 44.76) 10.21 (4.02 - 25.88) 
2' 22.86 (15.82 - 33.04) 14.36 (13.76 - 14.99) 
4a 29.29 (18.93 - 45.32) 20.03 (16.71 - 24.00) 




Irradiation time (h) EC5Q - 5 min (%) EC5Q - 15 min (%) 
"0 >T00 >100 
1 26.66 (26.48 - 26.85) 17.45 (17.20 - 17.70) 
2 23.03 (22.50 - 23.57) 13.14 (12.04 - 14.34) 
4 25.14 (23.66 - 26.71) 14.92 (13.95 - 15.96) 
8 33.33 (29.14 - 38.13) 18.96 (17.41 - 20.65) 
12 41.34 (38.64 - 44.23) 24.30 (21.67 - 27.25) 
16 >100 55.41 (51.95 - 59.11) 
24 >100 >100 
Data in parenthesis represented 95% confidence range for EC50 values. 
EC50 >100 represented non-detectable EC50. 
a Samples were tested using basic test. For the rest, 100% test was performed. 
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Table 4.11 Results of the Microtox® test samples obtained after PCO degradation of 
(g) chrysene, (h) benzo [a] anthracene and (i) benzo [a]pyrene. 
(g) 
Chrysene 
Irradiation time (h) EC50 - 5 min (%) EC50- 15min (%) 
1 43.09 (40.21 - 46.17) 19.32 (18.19 - 20.51) 
2 27.09 (23.67 - 31.01) 12.81 (10.32 - 15.91) 
4 20.85 (17.74 - 24.50) 12.78 (12.11 - 13.49) 
8 19.94 (19.06 - 20.87) 11.26 (9.59 - 13.21) 
12 22.11 (18.66 - 26.19) 13.91 (13.39 - 14.45) 
14 24.12 (21.77 - 26.72) 14.41 (12.95 - 16.03) 
16 30.06 (27.87 - 32.42) 18.76 (17.38 - 20.26) 
24 80.75 (67.41 - 96.75) 41.56 (34.89 - 49.50) 
28^ 
(h) 
Benzo [a] anthracene 
Irradiation time (h) EC5Q - 5 min (%) EC5Q - 15 min (%) 
"o >Too 
1 30.84 (24.71 - 38.49) 17.59 (12.12 - 25.52) 
2 22.70 (20.06 - 25.69) 16.93 (15.26 - 18.78) 
4 39.21 (36.36 - 42.28) 27.56 (26.54 - 28.62) 
8 43.10 (41.52 - 44.74) 27.30 (26.60 - 28.02) 
12 61.71 (57.09 - 66.71) 38.96 (36.49 - 41.59) 
16 57.62 (53.43 -62.13) 46.66 (44.62 - 48.78) 
24 > 1 ^ > 1 ^ 
(i) 
Benzo [a] pyrene 
Irradiation time (h) EC50 - 5 min (%) EC50 - 15 min (%) 
"o 
1 52.74 (46.73 - 59.52) 26.10 (24.76 - 27.52) 
2 23.44 (18.54 - 29.63) 13.42 (11.72 - 15.37) 
4 20.87 (18.93 - 23.00) 12.08 (10.92 - 13.36) 
8 21.74 (20.92 - 22.60) 13.00 (12.00 - 14.09) 
12 19.98 (18.92 - 21.09) 12.81 (11.59 - 14.17) 
24 49.17 (43.68 - 55.36) 30.20 (28.36 - 32.16) 
28 42.64 (38.50 - 47.24) 20.73 (19.53 - 22.01) 
32" > 1 ^ > 1 ^ 
Data in parenthesis represented 95% confidence range for EC50 values. 
EC50 >100 represented non-detectable EC50. 
a Samples were tested using basic test. For the rest, 100% test was performed. 
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Table 4.12 Results of the Microtox® test samples obtained after PCO degradation of 
(j) dibenzo [a] anthracene and (k) benzo [g,h,i]perylene. 
� 
Dibenzo [a，h] anthracene 
Irradiation time (h) EC50 - 5 min (%) EC5Q - 15 min (%) 
~ >100 > 1 ^ 
1 23.66 (22.39 - 25.00) 12.16 (11.74 - 12.58) 
2 21.65 (17.29 - 27.11) 12.20 (10.31 - 14.44) 
4 20.69 (18.42 - 23.23) 11.38 - 9.42 - 13.73) 
8 27.21 (25.11 - 29.48) 15.17 (14.94 - 15.41) 
12 30.06 (28.15 - 32.11) 18.46 (17.63 - 19.34) 
_2£ > 1 ^ >100 
(k) 
Benzo [g,h,i1perylene 
Irradiation time (h) EC5Q - 5 min (%) EC50 - 15 min (%) 
~ >1^ >Too 
1 37.76 (35.94 - 39.66) 18.41(18.18 - 18.64) 
2 18.48 (17.60 - 19.40) 9.407 (9.164 - 9.657) 
4 15.15 (14.69 - 15.63) 8.464 (8.212 - 8.724) 
8 14.56 (14.28 - 14.85) 8.951 (8.399 - 9.539) 
12 15.04 (14.31 - 15.80) 9.869 (9.462 - 10.293) 
24 34.40 (32.24 - 36.71) 21.22 (19.61 - 22.97) 
28 40.26 (33.29 - 48.69) 23.26 (19.26 - 28.08) 
32' > 1 ^ 
Data in parenthesis represented 95% confidence range for EC50 values. 
EC50 >100 represented non-detectable EC50. 
a Samples were tested using basic test. For the rest, 100% test was performed. 
toxicity caused by acetone itself or intermediates/degradation products generated 
upon UV irradiation. The results showed that 1% acetone itself did not cause any 
acute toxicity within 15 min of incubation time. However, acute toxicity was induced 
through degradation of acetone upon UV irradiation and was completely detoxified 
within 24 h. In some situations, EC50 with acetone alone was lower than that of 
samples containing PAHs and acetone together. This means that the sample 
containing acetone alone was more toxic. For example, after 14 h of UV irradiation, 
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EC50-5 min containing naphthalene and acetone together was 46.94 % while that of 
acetone alone was 28.97% (Table 4.9). A possibility was that the degradation 
pathway of acetone alone was different from degradation of acetone and PAHs 
together. 
From the results shown in Tables 4.9-4.10, at the origin before irradiation, only 
acenaphthylene and phenanthrene showed acute toxicity. This suggested that these 
parent compounds were toxic without UV irradiation. After 1 h irradiation, the acute 
toxicity of selected PAHs was induced due to production of intermediates/ 
degradation products, derived either from PAHs or possibly acetone, provided that all 
selected PAHs were completely degraded within 1 h. This was in agreement with 
Wemersson et al. (1999) that UV can initiate acute toxicity of PAHs sample by 
formation of oxidized compounds. However, for acenaphthylene EC50-5 min after 
Ih irradiation was much higher than that of the original sample. After 15 min 
incubation, EC50-15 min was overlapped with that of the original sample. This 
suggested that time was required for intermediates/degradation products of 
acenaphthylene to diffuse into the bacterium or to build up until the threshold level 
before exerting acute toxicity. 
For all selected PAHs, EC50 at both exposure times decreased initially and increased 
after certain time point. Finally, all selected PAHs can be completely detoxified 
within 24 - 32 h, especially, for anthracene, only 16 h was required for complete 
detoxification. Generally speaking, longer time was required for larger PAHs such as 
benzo[a]pyrene and benzo[g,h,i]perylene with some exceptional case such as 
dibenzo [a，h]anthracene which is five-rings PAH required 24 h only for 
detoxification. 
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4.7 Study of mixture effect 
Mixture of 2 PAHs and 3 PAHs were studied to investigate the role of water 
solubility and Dewar's number in PCO degradation. Phenanthrene (Phe), Anthracene 
(Ant) and benzo [a] anthracene (BaA) were chosen to study the mixture effect. There 
were totally four combinations: Phe x Ant (PA mixture), Phe x BaA (PB mixture), 
Ant X BaA (AB mixture) and all 3 PAHs (M3). Figures 4.34-4.38 shows PCO 
reaction of PAHs, both degraded alone and in mixture. Because of their photolabile 
properties, light control of Ant and BaA showed remarkable response, but of much 
lower reactivity than the PCO reaction. 
From Figure 4.34, the degradation rate of Phe didn't change, but Ant was degraded 
much slower in the presence of Phe. The time required for complete degradation 
increased from 30 to 90 min. On the other hand, Phe could be removed in a faster 
way in PB mixture (Figure 4.35). At 60 min of irradiation time, 55% RE and 90% RE 
were obtained when Phe was degraded alone and in mixture, respectively. In addition, 
ninety min was still required for BaA to achieve complete degradation no matter 
alone or in mixture. Lastly, in AB mixture, the degradation rate increased for both 
Ant and BaA at the beginning which indicated that faster onset of action occurred 
(Figure 4.36). At 10 min of irradiation time, compared to degradation alone, RE of 
Ant increased from 55 to 80%, while for BaA, RE increased from 30 to 70%. 
Afterwards, the difference diminished and the same time was required for them to 
achieve 100% RE. From the above study of mixture of 2 PAHs, both positive, no or 
negative effect on PCO degradation rate was found. In addition, in the presence of 
BaA (larger PAHs), the degradation rate of both Phe and Ant were enhanced. 
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Figure 4.37 Study of mixture effect on PCO degradation of phenanthrene (Phe), 
anthracene (Ant) and benzo [a] anthracene (BaA) pair - comparison of removal 
efficiency of Phe and BaA in alone and mixture treatment. Experimental conditions: 
Reaction mixture: 100 ml, [PAHs] = 10 mg/1 each, [TiO�]=100 mg/1, UV-A intensity 
= 3 . 9 mW/cm^ and aeration supply with constant rate. Data point and error bar 
represents the mean and standard deviation of triplicates respectively. For each 
experiment, means with the same letter are statistically identical (One-way ANOVA 
with Tukey test, p<0.05). 
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Figure 4.38 Study of mixture effect on PCO degradation of phenanthrene (Phe), 
anthracene (Ant) and benzo [a] anthracene (BaA) pair - light and dark control of Phe, 
Ant and BaA in mixture treatment. Experimental conditions: Reaction mixture: 100 
ml, [PAHs] = 10 mg/1 each, [TiCy = 100 mg/1, UV-A intensity = 3.9 mW/cm^and 
aeration supply with constant rate. Data point and error bar represents the mean and 
standard deviation of triplicates respectively. For each experiment, means with the 
same letter are statistically identical (One-way ANOVA with Tukey test, p<0.05). 
Data of dark controls of all PAHs have no significant difference. 
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smaller Nu value (Dewar's number) which implies the presence of more reactive sites 
(Table 4.13). In the study of PA mixture, Ant was degraded much faster than Phe. 
This may indicate that Dewar's number is more significant that water solubility in 
affecting the reactivity of PCO. Again, in the study of AB mixture, Ant was removed 
in a faster way than BaA. Provided that the difference of Dewar's number is little 
between them, Ant has higher water solubility than BaA. This implies that water 
solubility still play an important role in determining the PCO reaction. As Phe and 
BaA shared the same degradation rate in the study of PB mixture, the reactivity rate 
of them could not be determined. 
Figures 4.37-4.38 shows comparison of degradation rate of Phe, Ant and BaA in M3. 
Both positive and no effect were encountered in mixture study. The enhancement in 
degradation rate of Phe was greater than BaA, while for Ant, no change in 
degradation rate was resulted. The experimental conditions for M3 were much 
limited than that of mixtures of 2 PAHs because of competition between reactants for 
reactive oxygen species (ROS). Thus, the reactivity rate of all 3 PAHs: Ant > Phe > 
BaA was seen. Although BaA should have a higher reactivity (because of smaller 
Dewar's number), it has much lower water solubility. The results showed that Phe 
has a greater degradation rate than BaA. This indicates that PAHs with higher 
Dewar's number can overcome problem of low water solubility to certain extent only 
on improving PCO degradation. 
The percentage yield of some intermediates of selected PAHs treated in mixture is 
shown in Table A-2 as a reference. Figure 4.39 shows the peak areas of intermediates 
produced during PCO reaction of phenanthrene in four different conditions: alone, in 
PA mixture, in PB mixture and in M3. Accumulation of (l,l,-biphenyl)-2,2，-dicarbo-
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Table 4.13 The water solubility and Dewar's number of selected PAHs (Dewar, 1952; 
Canadian Council of Ministers of the Environment, 2008). 
Dewar's number 
PAHs Water solubility 
(the smallest over molecule) 
Phenanthrene (Phe) 1.15 1.8 
Anthracene (Ant) 0.045 (average) 1.26 
Benzo[a]anthracene (BaA) 9.4 x 10"^  1.35 
xaldehyde and benzocoumarin occurred when Phe was degraded in mixture (either 2 
or 3 PAHs). This can be simply explained by limitation of quantity of reactive 
oxygen species (ROS) available for attack of intermediates. Moreover, in mixture 
(either 2 or 3 PAHs), the amount of 9-phenanthrenol and 9,10-phenanthrenedione 
were smaller. This may indicate that shifting of the following reactions to the right 
hand side occurred: 
9-phenanthrenol 9,10-phenanthrenedione -> benzocoumarin 
9-phenanthrenol (1,1 '-biphenyl)-2,2'-dicarboxaldehyde 
Figure 4.40 shows the peak areas of intermediates produced during PCO reaction of 
anthracene in four different conditions: alone, in PA mixture, in AB mixture and in 
M3. It was noticed that 1,2-benzenedicarboxaldehyde can be originated from Ant or 
BaA, so this intermediate could not be used for investigating the effect of mixture on 
degradation pathway. 9,10-Anthracenedione, 1,4-dihydroxy- was not found when 
Ant was degraded in mixture (Figure 4.40(b-d)). A new intermediate, anthracene, 
9,10-dihydro- was found in PA mixture. For all three kinds of mixtures, no common 
trend or conclusion could be drawn. For individual study of AB mixture, as 
mentioned before, Ant was degraded faster in mixture. Thus, its intermediates were 
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Figure 4.41 shows the peak areas of intermediates produced during PCO reaction of 
benzo [a] anthracene in four different conditions: alone, in PB mixture, in AB mixture 
and in M3. Again, 1,2-benzenedicarboxaldehyde were not used for investigation. 
1,4-naphthalenedione, 2-hydroxy- was not found when Ant was degraded in mixture 
(Figure 4.41(b-d)). Accumulation of benz[a]anthracene-7,l2-dione and 1,2-benzene 
dicarboxaldehyde were obvious in all three kinds of mixtures. 
In a conclusion, two important factors: water solubility and Dewar's number played 
an important role in PCO degradation. However, we cannot exclude other factors (e.g. 
steric hindrance) which may affect the PCO system. Beside, degradation of Phe, Ant 
or BaA in mixture didn't pose a significant effect on alternating the degradation 
pathway of individual PAHs. In addition, due to limiting amount of ROS, 
accumulation of intermediates occurred, most obvious in mixture study concerning 
Phe, and BaA. 
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5 Conclusions 
Photocatalytic oxidation (PCO) is regarded as a powerful method in treating 
especially, organic pollutants. In this study, PCO degradation of 10 selected PAHs 
listed in the priority pollutants list issued by USEPA were investigated. They are 
naphthalene, acenaphthylene, phenanthrene, anthracene, pyrene, chrysene, 
benzo [a] anthracene, benzo [a]pyrene, dibenzo [a] anthracene and benzo [g,h,i]perylene. 
These PAHs were treated by a combination of UV irradiation and titanium dioxide 
(TiOi, photocatalyst). 
The first part of the study was to evaluate the photocatalytic reactivity of 10 selected 
PAHs. Naphthalene, acenaphthylene and anthracene obtained the highest removal 
efficiency (RE) and could be completed degraded within 30 min. Meanwhile, pyrene， 
benzo [a] anthracene and dibenzo [a,h] anthracene were completely eliminated within 2 
h, while phenanthrene, chrysene, benzo [a]pyrene and benzo [g,h,i]perylene could be 
almost completely degraded after 2 h UV irradiation. From the results obtained from 
individual and mixture study of PAHs, photocatalytic reactivity of these PAHs 
towards PCO was correlated to the water solubility and electron distribution 
(Dewar's number) over PAH molecule. PAHs with small Dewar's number can 
overcome problem of low water solubility to certain extent only towards PCO 
degradation. 
Acetone, a commonly used solvent, can enhance contact between contaminants and 
microorganisms in bioremediation，which in turn increase biodegradation. In this 
study, acetone was added to increase solubility of PAHs in the PCO system. The 
results showed that the photocatalytic degradation rates of phenanthrene, anthracene, 
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pyrene, benzo [a] anthracene and benzo [a]pyrene were improved. However, the 
addition of acetone could also pose a negative effect on photocatalytic degradation of 
some PAHs with comparatively low water solubility. 
In addition, the effect of acetone on degradation mechanism was also studied to 
investigate whether it would incorporate into degradation pathway. It was found that 
addition of large amount of acetone can sometimes alter the degradation pathway of 
PAHs in PCO in a qualitative and quantitative manner. Generally speaking, alcohol, 
ketone, aldehydes and benzopyrone were commonly detected. Findings of 
intermediates in this study were focused on compounds consisting of aromatic rings. 
Thus, the degradation pathway proposed here may only represent the initial part of 
the complete degradation pathway. Besides, through intermediates found, the attack 
of reactive sites by reactive free radicals can be correlated to the localization energies 
of position of the compound. On the other hand, when PAHs were treated in mixture, 
almost no change in their degradation pathways were resulted, but with an 
accumulation of intermediates. 
Toxicity analysis was adopted to determine the acute toxicity of parent compounds 
and their degradation intermediates/products. The results indicated that only two 
parental compounds: acenaphthylene and phenanthrene showed acute toxicity. 
Irradiation of UV can induce acute toxicity by generation of intermediates/ 
degradation products from PAHs and possibly acetone. At the end, all selected PAHs 
can be completely detoxified within 24 - 32 h, especially, for anthracene, only 16 h 
was required for complete detoxification. In general, longer time was required for 
larger PAHs to eliminate acute toxicity. Therefore, PCO not only can degrade but 
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detoxify the organic contaminants. 
No doubt that this project can provide basic information for preparing the PCO 
system in real application. Yet there are two considerations. First of all, PAHs are 
usually associated with organic matter present in the soil. Solvent or surfactant can 
be added to extract PAHs and ready for PCO degradation. Or, on the other hand, 
PCO can be combined with other treatment methods such as bioremediation to lower 
the operational cost but maximize the efficiency of the treatment. 
Second, TiOi is unquestionably good photocatalyst because of inexpensive, stable 
and non-toxic properties, however, the TiO! powder is so fine that difficult to be 
collected after treatment which cannot be reused and may become secondary 
pollutants. Coating of TiOi thin films on glass/tile is aware of research interest. Thus, 
this can minimize the loss of TiO: after treatment. Furthermore, TiOi can only be 
activated by UV light which contributed to 3-5% of sunlight. In this study, UV lamps 
were used to provide energy for activation of TiOi which increased operational cost. 
Thus, it will be a trend to investigate new photocatalyst capable of utilizing visible 
light for activation. Then, PCO system can be applied to degrade organic pollutants 
in the waste treatment that held in outdoor area. 
The next-step investigation will be the innovation of new photocatalysts by using 
different light sources: fluorescent lamps and sunlight. In the future, PAHs will be 
treated by using sunlight and visible light-driven photocatalyst in the PCO systems. 
Moreover, PAH-contaminated water, soil and/or air samples should be used to test 
the real effect of the PCO system in degradation of PAHs. 
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Figure A-2 The standard curves of (a) phenanthrene and (b) anthracene. 
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Figure A-3 The standard curves of (a) pyrene and (b) chrysene. 
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